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BACKGROUND



Cosmic Rays

Highly energetic particles

IceCube Collaboration (2012). Rendering of cosmic rays hitting Earth.
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Cosmic Rays

Spectrum by galactic
sources generally
defined by power-law
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Alves Batista, R., et al. (2019). Open Questions in Cosmic-Ray Research at Ultrahigh Energies.

Frontiers in Astronomy and Space Sciences.



RubinObs/NOIRLab/SLAC/NSF/DOE/AURA/P. Marenfeld (2024). Artist’s Illustration of Multi-Messenger Event




RubinObs/NOIRLab/SLAC/NSF/DOE/AURA/P. Marenfeld (2024). Artist’s Illustration of Multi-Messenger Event
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Hooper, D. (2024). Particle Cosmology and Astrophysics. Princeton University Press.
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Gamma-rays

Produced in high-energy interactions,
often linked with the decay of neutral
pions from interacting cosmic rays

+ Trace regions where high energy
particles are interacting

B Produced both leptonically and
hadronically:

Inverse Compton Scattering
Bremsstrahlung

Neutral Pion Decay 0
p+pism = p+p+m = p+p+yy




TeV Halos: young and
middle-aged pulsars
glow brightly in TeV
gamma rays
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TeV Halo

(escaped e'e )

PWN

(confined e*e")

Sudoh, T., Linden, T., Beacom, J. (2019) TeV Halos are Everywhere: Prospects for New
Discoveries. arXiv:1902.08203



TeV Halos

Contribute to diffuse
glow?

The combined,
overlapping glow from
thousands of unresolved
TeV halos throughout the
galaxy could be a
significant contributor to
the diffuse gamma-ray

Coutifio, S. (2023). HAWC significance map of some of TeV halos included in the analysis background that LHAASO
(marked with white stars). is measurin 9
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LHAASO (2022). Artist rendition of cosmic rays being detected at LHAASO.
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LHAASO Collaboration (2023). Measured fluxes of diffuse y-ray emission in the inner a?cg
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+Points directly to source

Difficult to detect due to
neutral charge and small cross
section

Neutrinos

Produced through hadronic
interactions (smoking gun!)
Charged and neutral pions are
produced together (t* : ™ : m° =
1:1:1), so hadronic v emission
tracks hadronic y emission, with

Ev=E_y/2
= ut +v, = et vy,
T — U +V, e Vylely
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y.Optical

v Predicted n° Northern Sky Northern Sky

- - -

Southern Sky

v Analysis Expectation

“: Typical Event Uncertainty

Galactic Coord.

-120°

Pre-Trial Significance (n-o)

IceCube Collaboration. (2023). Observation of high-energy neutrinos from the Galactic plane. Science.
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IceCube Lab

\‘-ﬁ IceTop
T ? 81 Stations

324 optical sensors

50m

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

Amanda Il Array

1450 m (precursor to IceCube)

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
y:: 324 m

2450 m
2820 m

Karen Andeen and Matthias Plum for the IceCube Collaboration. (2019). Three-dimensional layout of the

neutrino detector.
Alisha Roberts (UW-Madison): IPA, Oct 14

The Neutrino Eye: IceCube

Cubic-kilometer neutrino telescope at the
geographic South Pole

Digital Optical Modules detect Cherenkov
light from charged lepton resulting from
neutrino-ice interaction

12
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TeV Halo MC

Apply proportionality Account for gamma rays
between the pulsar's Assign each pulsar an age being attenuated and
luminosity to its efficiency and spindown power apply mask to brightest of
and spindown power simulated TeV Halos
« Spindown power relates - Normalize the MW's « Masking found to have
to the pulsar's period, pulsar population and significant impact on fits
moment of inertiq, draw from spatial and varies as a function
spindown timescale, etc. distribution of the efficiency

Lq/ _ 77Erot Mopulsar X R2.35 B_R/1'53 kpc e—|z|/zs
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The Fit

Diffuse (hadronic)

TeV Halos (leptonic)

Point Sources

- GALPROP, six CR
models
* Free Ag:

« Overall CR
density, accounts
for calibration
uncertainties

- Monte Carlo pulsar
population
* Free n:
« Spindown power
to gamma rays
* Free a:

- Halo spectral
index

(hadronic)

- SNRs, PWNe,
microquasars, ...?

* Free A,, o, :

- Normalization,
index

FithointIy to LHAASO (gamma ray) and IceCube (neutrino)
- X over all parameter space, repeated for all six cosmic-ray models

Alisha Roberts (UW-Madison): IPA, Oct 14
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‘ RESULTS
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Cosmic-Ray | GALPROP Normalization TeV Halos Neutrino Sources Total
Model Ag n (%) (. X5 A, oy, Yo A | YN
A 1.6270% 64757 350707 22.06 [ 9.957300 x 1077 2.727077 3.72 3823 | 25.78
B 1.98+0-19 05779 350754 2350 | 9417508 x 1079 2727018 332 33.89 | 26.83
C 2.5510 20 0.4705  3.507500 2348 [ 9417528 x 1079 2717010 3,10 31.80 | 26.58
D 297027 0.3553 3.5010%5 25.41 | 9.41%550 x 1077 2.70%017 2,95 29.87 | 28.35
E 4.0010% 01501 2681035 9837 | 1.0570%5 x 107% 2.687018 322 32.10 | 31.59
F 3.72703 0.370%  3.507090 2224 | 9.687580 % 1079 2.697917 317 30.39 | 25.41
E’ 5.08%0 % 02757 3507590 26.30 | 9.68700% x 1077 2.6675 15 2.53 25.52 | 28.82

Alisha Roberts (UW-Madison): IPA, Oct 14
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Cosmic-Ray | GALPROP Normalization TeV Halos Neutrino Sources Total
Model Ag n (%) o, v A, vy o Axp | XX |
A 1.6270 0 6.47:7 350757 22.06 | 9.95755, x 107 2727502 3.72 38.23 | 25.78
B 1.98154 0.550% 350750 23.50 | 9417500 x 1079 2.72701¢ 3.32 33.80 | 26.83
C 2.55%0 %8 04705 350700 2348 | 9417750 x 1077 2717018 3.10 31.80 | 26.58
D 2971027 0.3703 3.50759% 2541 | 941758 x 1072 2707017 295 29.87 | 28.35
E 4.00155 01700 2687536 2837 | 1.0570%5 x 107%  2.687015 322 3210 | 31.59
F 3.7228 03703 350759 2224 | 9.687500 x 1079 2.697017 317 30.39 | 25.41
E 5.087 5 74 0.2757 3.50755, 26.30 | 9.68T02 x 1077 2,667 5 2.53 25.52 | 28.82

W 1
A
Accounts for the fact Change
that the CR in Ax? with and
spectrum in other without

parts of the MW
might be higher or
lower than the
measurement of the
CR spectrum used to
calibrate GALPROP

Alisha Roberts (UW-Madison): IPA, Oct 14

neutrino point
source
contribution
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Cosmic-Ray | GALPROP Normalization TeV Halos Neutrino Sources Total
Model Ag 7 (%} . X2 A, Qy o2 AXE | YN
A 1.6270% 64777 350700 22,06 | 9.9570 % 1077 27270 372 3823 [ 25.78
B 1.98018 05770 350759 2350 | 941750 1072 2727018 332 33.80 | 26.83
C 2.5510 2 045038 3507590 2348 | 941732 1070 2717017 310 31.80 | 26.58
D 297105 03503 3.507590 2541 | 941534 % 1070 2707017 295 29.87 | 28.35
E 4.00590 01500 268703 2837 | 1.0550% x 1078 2.687016 322 32.10 | 31.59
3 3721028 03703 3507000 9994 | 9687260 » 1070 2.601017 317 30.39 | 25.41
E’ 5.08%) 70 02707 350709 26.30 | 9.687502 x 1077 2667015 253 25.52 | 28.82

TeV halos possess soft spectra
of 3.0 S a < 3.5, with averaged

efficiency n up to roughly 10%
within 1o

Alisha Roberts (UW-Madison): IPA, Oct 14

With higher AG limit, there is
dominant diffuse emission, which

makes the emission from the TeV

halos prefer spectral index of 3.5.

19




Cosmic-Ray | GALPROP Normalization TeV Halos Neutrino Sources Total
Model Ag n (%) o \2 A, x, 2 OA? | Y
A 1.6270% 64777 350700 22,06 | 9.9570 % 1077 27270 372 3823 [ 25.78
B 1.98F5-10 0.5705  3.50757%  23.50 941+335xm—9 2.727016 332 33.89 | 26.83
C 255702 04704 350759 2348 | 941752 1079 271701 310 31.80 | 26.58
D 297027 0.3703 350799 2541 | 941758 « 1072 2707017 295 2087 | 28.35
E 4.0075-9 0.1505 2.687008 28.37 105+ﬂ42x10—5 2.687016 322 32.10 | 31.59
F 3?2i3§‘§‘ 0.3+9 350i3?§ 22.24 gﬁs+iggxln—9 2607017 317 30.39 | 25.41
E 5.0870 % 02707 3507090 2630 | 9.68752 x 1079 266701 253 2552 | 28.82

Alisha Roberts (UW-Madison): IPA, Oct 14
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Cosmic-Ray | GALPROP Normalization TeV Halos Neutrino Sources Total
Model Ag n (%) o \2 A, x, 2 OA? | Y
A 1.6270% 64777 350700 22,06 | 9.9570 % 1077 27270 372 3823 [ 25.78
B 1.98F5-10 0.5705  3.50757%  23.50 941+335xm—9 2.727016 332 33.89 | 26.83
C 255702 04704 350759 2348 | 941752 1079 271701 310 31.80 | 26.58
D 2971027 0.3703 3507090 2541 | 94134 1079 2707017 2095 29.87 | 28.35
E 4.001550 0.1705 2687000 28.37 | 1.05 ME:«:ID_E 2.687015 3.22 3210 | 31.59
F 3?2i3§‘§‘ 0.3+93 350i32§ 22.24 gﬁ8+ﬁggx10—9 2607017 317 30.39 | 25.41
E 5.087 - 02707 350700 2630 | 968752 x 1079 2667015 253 25.52 | 28.82

Alisha Roberts (UW-Madison): IPA, Oct 14
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CR Model D: Gamma-Ray Spectrum
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Neutrino point sources account for more than

half of emission seen by IceCube
- 60-90% of total flux from unresolved

sources (upper limit)
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Parameter Landscape
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CONCLUSION

* A multi-messenger framework to combine baseline cosmic-ray models, new

source populations like TeV Halos and Point Source models, and observational
data from LHAASO and IceCube

* Our results across six CR models demonstrate the following:

o In gamma-ray channel, the LHAASO flux is primarily recovered by the
diffuse hadronic model, leaving a subdominant role for unresolved
leptonic TeV halos

o Diffuse CR-ISM emission, normalized to LHAASO, underpredicts IceCube
in every model: Ax? = 25.5-38.2 in favor of adding source populations
(a_v = 2.7), which supply ~60-90% of the Galactic Plane v flux (£20% at
95% CL)



QUESTIONS?

Thank you!



BACKUP SLIDES



CR Model D Profile Likelihoods
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CR Model E: Gamma-Ray Spectrum
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CR Model E:

Neutrino Spectrum
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CR Mod E: Ag vs a
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CR Model E Profile Likelihoods
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TeV Halos

Explain the Positron
Excess?

For years, satellites
(PAMELA, AMS) detected
more high-energy positrons
near Earth than our
standard models can
explain.

TeV halos, acting as local
factories for positrons,
could explain this
anomaly (Hooper, Cholis,
Linden & Fang 2017
arXiv:1702.08436)

Goodman, J. (2023). HAWC site with superposition of Milky Way's plane as seen in gamma-rays
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Gamma-rays

M via Bremsstrahlung
|

[ via Inverse Compton Scattering J

high-energy (relativistic)
electron (e.g., supernovae
remnant) transfers energy
to low-energy photon
(CMB/starlight)

Richmond, M. (2005) PHYS 314 Lecture on ICS. Rochester Institute of Technology
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Gamma-rays

M via Bremsstrahlung J
0 _ _ v
\/ ik

[ via Inverse Compton Scattering J

O,O\LM via Neutral Pion Decay ]

p+psm = P+p+T = p+p+ Yy

Bryman, D., Shrock, R. (2025) Feynman Diagram of Neutral Pion Decay. arXiv:2502.18384

Main channel of production



arxiv:2112.09706

CR Modell & | zr (Do x 10°%) wva ( dv./d|z| ) o Ryr, vy Rpr, Q3
(kpe) (em®/s) |(km/s)|(km/s/kpc)| H/He H/He (GV) H/He H/He (GV) H/He
A 0.33 | 5.7 6.70 30.0 0 1.74/1.70  6.0/7.4 2.04/2.16 14.0/21.5 2.41/2.39
B 0.37 | 5.5 5.50 30.0 2 1.72/1.74 6.0/8.0 2.00/2.14 12.4/21.0 2.38/2.375
C |040| 56| 485 | 240 1 1.60/1.65 6.0/6.7 2.00/2.13 12.4/20 2.38/2.355
D 0.45 | 5.7 3.90 24.0 5.5 1.69/1.68 6.0/7.0 1.99/2.12 12.4/18.7 2.355/2.34
E 0.50 | 6.0 3.10 23.0 9 1.71/1.68 6.0/7.2 2.02/2.14 11.2/17.5 2.38/2.33
F 043] 3.0\ 1.8 ) 20.0 2 y, 1.68/1.74 6.0/10.5 2.08/2.09 13.0/21.0 2.41/2.33

TABLE I. The cosmic-ray propagation assumptions (CR Model), determined by the diffusion index ¢, the diffusion scale height
zr,, the normalization of the diffusion co-efficient Dy, the Alfvén velocity va, the galactic convection gradient dv./dv, the
injection indices a1, a2, ag, and the rigidity breaks Ry, and Rp,, for cosmic-ray hydrogen and helium isotopes. In the last

five columns, the first values refer to hydrogen injection properties and the second values to helium.

-

Diffusion index
related to the
rigidity/energy
dependence of
cosmic rays

N

-

Diffusion

normalization for how

well a CR is

transported by
turbulent Galactic

magnetic fields
- /

~

~

(&

Convection term

~

)
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IceCube Collaboration. (2023). Observation of high-energy neutrinos from the Galactic plane. Science.

The Neutrino Eye: IceCube

Tl.O

KRAE: KRA_y®: spectral index varies across

the sky (avg. = E"2-%), 5 PeV cutoff

KRAE;O: 50 PeV cosmic-ray energy cutoff
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Model KH.A'E;_ KR.A'E;.”

A, a, o A Y A, a, o A Y
A 126757 x 1078 131755 250 3.28 2456 | 6.397 05 x 1077 10075, 6.32  L77  28.38
B | 119198 % 107% 1005022 373 178 27.23 | 4.0501T 1070 100200 11.95 0.72 35.45
C | L0508 %1078  1.00FLL 515 1.38 2863 | 3.347370 1079 1.00720) 16.49 0.48 39.97
D | 941755 %107 10070 7.04 111 3245 | 2837012 % 1077 L.00TE0D 2175 0.35 47.16
E | 15110058 x 1078 1.007005 5.50 285 33.86 | 6.137;50 x 1077 1.007005 1726 1.64 45.62
F | 10855 x 1078 1.00T,00 6.34 148 2858 | 3.587371 x 1072 1.007500 20.13  0.55 42.37
E | 7147500 x 1077 L00TS5hs 1439 0.63 0 40.69 | 174770 x 1077 L0070 39.17  0.13  65.47

* These fits favor very hard (and seemingly unphysical)
spectral indices for the neutrino source population

* Considerably weaker evidence for any contribution from
neutrino sources

39




NEUTRINO MODELING

These factors leave open the
possibility that many of the
neutrinos detected from the
Galactic Plane could originate from
unresolved point sources, such as
supernova remnants, pulsar wind
nebulae, or microquasars.

As we did with the gamma-ray emission
from TeV halos, we parameterize the
spectrum of the neutrino emission from
unresolved point sources as a power-law

71 OC €_R/3'35 kpc 6—|z|/0.2 kpc

dN,,_A X( E, )—av
dE, 7 100 TeV




arxiv:2112.09706

CR Model 4 21, Do x 10°® w4 dv./d|z| 3] Ryr, ¥ Ry, (rs
(kpc) (cm?/s) (km/s) (km/s/kpc) H/He H/He (GV) H/He H/He (GV) H/He

A 033 57 670 300 0 1.74/1.70 6.0/7.4 2.04/2.16 14.0/215 2.41/2.39

B 0.37 5.5 5.50 30.0 2 1.72/1.74 6.0/8.0 2.00/2.14 12.4/21.0 2.38/2.375

C 040 56 485 240 1 1.69/1.65 6.0/6.7 2.00/2.13 12.4/20 2.38/2.355

D 045 57 390  24.0 55  1.69/1.68 6.0/7.0 1.99/2.12 12.4/18.7 2.355/2.34

E 050 60 310 230 9 1.71/1.68  6.0/7.2 2.02/2.14 11.2/17.5 2.38/2.33

F 0.43 3.0 1.85 20.0 2 1.68/1.74 6.0/10.5 2.08/2.09 13.0/21.0 2.41/2.33

TABLE I. The cosmic-ray propagation assumptions (CR Model), determined by the diffusion index ¢, the diffusion scale height
zr,, the normalization of the diffusion co-efficient Dy, the Alfvén velocity va, the galactic convection gradient dv./dv, the
injection indices a1, a2, ag, and the rigidity breaks Ry, and Rp,, for cosmic-ray hydrogen and helium isotopes. In the last
five columns, the first values refer to hydrogen injection properties and the second values to helium.

Working Assumptions:
assume isotropic and
homogeneous diffusion

Alisha Roberts (UW-Madison): IPA, Oct 14

* Consider six main cosmic-ray models
evaluated in GALPROP for any given
direction by integrating along line of
sight
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CR Modell 4 21, Do x 10°® w4 dv./d|z| 3] Ryr, ¥ Ry, (rs
(kpc) (cm?/s) (km/s) (km/s/kpc) H/He H/He (GV) H/He H/He (GV) H/He

A |033| 57 670 300 0 1.74/1.70 6.0/7.4 2.04/2.16 14.0/21.5 2.41/2.39

B 0.37 | 5.5 5.50 30.0 2 1.72/1.74 6.0/8.0 2.00/2.14 12.4/21.0 2.38/2.375

C [040]56 485 240 1 1.69/1.65 6.0/6.7 2.00/2.13 12.4/20 2.38/2.355

D 0.45 | 5.7 3.90 24.0 5.5 1.69/1.68 6.0/7.0 1.99/2.12 12.4/18.7 2.355/2.34

E |050]60 310 230 9 1.71/1.68  6.0/7.2 2.02/2.14 11.2/17.5 2.38/2.33

F 0.43 | 3.0 1.85 20.0 2 1.68/1.74 6.0/10.5 2.08/2.09 13.0/21.0 2.41/2.33

TABLE I. The cosmic-ray propagation assumptions (CR Model), determined by the diffusion index ¢, the diffusion scale height
zr,, the normalization of the diffusion co-efficient Dy, the Alfvén velocity va, the galactic convection gradient dv./dv, the
injection indices a1, a2, ag, and the rigidity breaks Ry, and Rp,, for cosmic-ray hydrogen and helium isotopes. In the last

five columns, the first values refer to hydrogen injection properties and the second values to helium.

-

(¥

Diffusion index
related to the
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dependence of

cosmic rays

N
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CR Modell 4 zr ( Do x 10°%) w4 dv./d|z| a1 ¥ Ry, (rs
(kpe) (em®/s) |(km/s) (km/s/kpc) H/He H/He (GV) H/He H/He (GV) H/He
A 0.33 | 5.7 6.70 30.0 0 1.74/1.70  6.0/7.4 2.04/2.16 14.0/21.5 2.41/2.39
B 0.37 | 5.5 5.50 30.0 2 1.72/1.74 6.0/8.0 2.00/2.14 12.4/21.0 2.38/2.375
C |040|56| 48 | 24.0 1 1.69/1.65 6.0/6.7 2.00/2.13 12.4/20 2.38/2.355
D 0.45 | 5.7 3.90 24.0 5.5 1.69/1.68 6.0/7.0 1.99/2.12 12.4/18.7 2.355/2.34
E |050|60| 310 | 230 9 1.71/1.68 2.02/2.14 11.2/17.5 2.38/2.33
F 043] 3.0 1.8 ) 20.0 2 1.68/1.74 6.0/10.5 2.08/2.09 13.0/21.0 2.41/2.33

TABLE I. The cosmic-ray propagation assumptions (CR Model), determined by the diffusion index ¢, the diffusion scale height
zr,, the normalization of the diffusion co-efficient Dy, the Alfvén velocity va, the galactic convection gradient dv./dv, the
injection indices a1, a2, ag, and the rigidity breaks Ry, and Rp,, for cosmic-ray hydrogen and helium isotopes. In the last

five columns, the first values refer to hydrogen injection properties and the second values to helium.

-

Diffusion index
related to the
rigidity/energy
dependence of
cosmic rays

(¥

Alisha Roberts (UW-Madison): IPA, Oct 14

N

)

/ Diffusion \

normalization for how
well a CR is
transported by
turbulent Galactic

magnetic fields
- /

5D0(

R
4GV

y



https://arxiv.org/abs/2112.0%209706​

	Slide 1: A Multimessenger Analysis of the High-Energy Milky Way: Source Populations Contribute Significantly to IceCube's Galactic Neutrino Flux
	Slide 2: Background
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16: Results
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25: CONCLUSION
	Slide 26: Questions?
	Slide 27: BACKUP SLIDES
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40: Neutrino Modeling
	Slide 41
	Slide 42
	Slide 43

