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Fig.1 Left: Amplitude (top) and phase (bottom) of the cosmic-ray dipole anisotropy from the

underground muon observations and air shower array experiments(?!. Right: Cosmic ray spectrum

measured by various experiments, and the dashed line shows a power-law with an index of 275041
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Fig.2 The modified shock structure by accelerated particles (left) and the corresponding particle energy

spectrum (right) in a self-consistent nonliear diffusive shock[®®]
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Fig.3 Left: Comparison of the exponential cutoff and the cutoffs of time-dependent linear diffusive shock
acceleration spectra in the case of Bohm diffusion kg, Kolmogorov diffusion xk, and turbulent diffusion
K¢, with the maximum momentum in Eq. (31) fixed to p. = 1000. Right: The time-dependent solution in

phase space for the case of kg. In both the left and the right panels we take k1 = ka.
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Fig.4 Left: Multi-wavelength observational results of the SNRs, whose photon numbers N are
normalized at 100 GeV to 107°> MeV -ecm™2 - s™' in E?dN/dE. Right: Dependence of the spectral index

of accelerated high-energy particles on the shock age obtained via spectral fitting results of the

observational datal®?,
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Fig.5 Fits to the rigidity spectra of near-earth cosmic-ray protons and helium with the model of the

time-dependent particle acceleration by supernova remnants(?7]
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Fig.6 Left: Fits to the all-particle spectrum with the model of the time-dependent particle acceleration
by supernova remnants, where “AP” represents the all-particle spectrum, the observational data are
extracted from CREAMI"2 74 ARGO-YBJ[" 78 HAWCI™ | Tibet-AS~[™® CASA-MIAI™! | IceTop!®,
KASCADE-Grande!®, TALE FDI®?| TA FDI®3 Haverah Park®¥, AGASA®% HiRes®®, and Auger®”,
and only statistical errors are contained in this figure. Right: The mean logarithmic nucleon number of
cosmic rays corresponding to the fitting spectrum in the left panel, where the observational data of

optical detectors are extracted from Ref. [88].
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Fig.7 Fits to the all-particle spectrum with the sub-exponential cutoff model
:I:‘,E
4 Ly

AL EA T AL B s, AR R HOL 3 P XU ) 55 N A B
VAT 2R 5 T A PR T B e AR A U, R AR HE SR R AR AR A B, %O S HR T LR
TAERS P R . BT X ER, AR ik ) ia SR, KT
T ) A4 G P i B 0 AL T R | 385 R AT L W S S 2 AN [ RE 5 T ARk 1)
Koy AT BA, AR 2R B A 3 B U A ALl DA ROK SH XU il R 35 i AL, R T - 4%
AE TG R X BL T B 0 A0, 2 5] AHillas-B4r &L & R X DAL i3, A1/
HARLE LR

(1) 68 7 F2 a8 720 5 gpt vk A ) B SR B I el N B LR, 9 N R B A B 1) v RE R e T
B SR ERUIK, FETTER200 GV L RERIX BLR B 5 5 2R & 1M FT Bl T (A
AF LR BEE T HEAER, FE0TER200 GVEL T BFH &g, X AP Bk
TINTE YT T LRI R L B RO IE AR 28 i ) T ok AR
TF [vi) A 0 38 8 () 3 AR 3 1Y 1200 GV BRI () REDS AR A, 55 2R AR I, Sl A T 5
T2 L P RE AT LR W, 7640 Ge VT BAZIE — AN RENGARAE FA TG 1) 52 5 2R IR T

43-19



60 & X X %= K 5

K% R A 4 25 R AR 2 A T LR SRR X — RE TS ARFAIE

(2) W SBAN[H) o6 2 5 A A [R) PR N G2, R A 58 1) Tk A 78 0 55 7 2% I 8 i o
JoE LR T AR B, B RE TSR 25 % T U= A %

(3)hn S B R s B3 £ F TR T EUT N, A H Y R EUNMK
0 B 55 A TR T R, XK I G 1 A T S D) A P A R T e DA K Ui
RSB IER T RE. 456 FH AL BNRRSEN-SERBIRL 1K S8 A 7Y
] DL R i AL 8 080 5 26 1 DR e 2R T R A R R (X

(4)75 F8 1 28 P 3% T B W0 &5 L) T b o i 2R 0 1 TR A8 0 7 LR, T A
04y i B2 R A% G U AR (1) DT R

AR TP ) B A R U T R PR B8 7 PR DX DAl o iy 2o WD S 56 481 4 v 4R
B ZE M M3 (Large High Altitude Air Shower Observatory, LHAASO)PO-9UZE DL & i K
WLT-diz RN 1 55 B T ARSI E AR I A, X TR 50T R e AR SRR TR 32 ¢ H 22

£ E Xk

[1] Hess V. arXiv:1808.02927
[2] Amenomori M, Bi X J, Chen D, et al. ApJ, 2017, 836: 153
[3] Bird D J, Corbato S C, Dai HY, et al. ApJ, 1995, 441: 144
[4] Helder E A, Vink J, Bykov A M, et al. SSRv, 2012, 173: 369
[5] Baade W, Zwicky F. PNAS, 1934, 20: 259
[6] Fermi E. PhRv, 1949, 75: 1169
[7] Krymskii G F. DoSSR, 1977, 234: 1306
[8] Axford W I, Leer E, Skadron G. ICRC, 1977, 11: 132
[9] Bell A R. MNRAS, 1978, 182: 147
[10] Blandford R D, Ostriker J P. ApJ, 1978, 221: L29
[11] Peacock J A. MNRAS, 1981, 196: 135
[12] Michel F C. ApJ, 1981, 247: 664
[13] Drury L O. RPPh, 1983, 46: 973
[14] Gaisser T K, Stanev T, Tilav S. FrPhy, 2013, 8: 748
[15] Aguilar M, Aisa D, Alpat B, et al. PhRvL, 2015, 114: 171103
[16] Aguilar M, Aisa D, Alpat B, et al. PhRvL, 2015, 115: 211101
[17] Aguilar M, Ali Cavasonza L, Ambrosi G, et al. PhRvL, 2016, 117: 231102
[18] Aguilar M, Ali Cavasonza L, Alpat B, et al. PhRvL, 2017, 119: 251101
[19] DAMPE Collaboration, Ambrosi G, An Q, et al. Nature, 2017, 552: 63
[20] Malkov M A, Diamond P H, Sagdeev R Z. PhRvL, 2012, 108: 081104
[21] Tomassetti N. ApJ, 2012, 752: L13
[22] Tomassetti N. ApJ, 2015, 815: L1
[23] Blasi P, Amato E, Serpico P D. PhRvL, 2012, 109: 061101
[24] Bykov A M, Toptygin I N. ICRC, 1987, 2: 203
[25] Ptuskin V' S. SvAL, 1988, 14: 255
[26] Bykov A M, Toptygin I. PhyU, 1993, 36: 1020
[27] Zhang Y, Liu S, Yuan Q. ApJ, 2017, 844: L3
[28] Zhang Y, Liu S. MNRAS, 2019, 482: 5268
[29] Hillas A M. JPhG, 2005, 31: R95
[30] Amenomori M, Ayabe S, Bi X J, et al. Science, 2006, 314: 439
[31] Compton A H, Getting I A. PhRv, 1935, 47: 817

43-20



60 TRARIRAE: T 1 4R A T 2 1 AR Y

5

Ll

(32]
(33]
(34]
(35]
36]
(37]
(38]
(39]
(40]
(41]
(42]
(43]
[44]
(45]
[46]
(47]
(48]
(49]
(50]
(51]
(52]
(53]
(54]
(55]
(56]
(57]
(58]
(59]
(60
(61]
(62]
(63]
(64]
(65]
(66]
(67]
(68]
(69]
[70]
(71]
(72]
(73]
[74]
(75]
[76]
[77]
(78]
[79]
(80]
(81]

Ahlers M, Mertsch P. PrPNP, 2017, 94: 184

Parker E N. P&SS, 1965, 13: 9

Gleeson L J, Axford W I. ApJ, 1967, 149: L115

Earl J A, Jokipii J R, Morfill G. ApJ, 1988, 331: L91

Giacalone J, Jokipii J R. ApJ, 1999, 520: 204

Petrosian V, Liu S. ApJ, 2004, 610: 550

Strong A W, Moskalenko IV, Ptuskin V S. ARNPS, 2007, 57: 285
H.E.S.S. Collaboration, Abdalla H, Abramowski A, et al. A&A, 2018, 612: A6
Malkov M A, Voelk H J. A&A, 1995, 300: 605

Malkov M A. PhRvE, 1998, 58: 4911

Vink J, Yamazaki R, Helder E A, et al. ApJ, 2010, 722: 1727
Dermer C D, Menon G. arXiv:1001.1760

Bell A R. MNRAS, 2004, 353: 550

Axford W I, Leer E, McKenzie J F. A&A, 1982, 111: 317

Drury L O, Axford W I, Summers D. MNRAS, 1982, 198: 833
Ellison D C, Eichler D. ApJ, 1984, 286: 691

Ellison D C, Eichler D. PhRvL, 1985, 55: 2735

Malkov M A. ApJ, 1999, 511: L53

Berezhko E G, Ellison D C. ApJ, 1999, 526: 385

Ellison D C, Cassam-Chenai G. ApJ, 2005, 632: 920

O’C. Drury L, Aharonian F A, Malyshev D, et al. A&A, 2009, 496: 1
Caprioli D, Amato E, Blasi P. APh, 2010, 33: 307

Zirakashvili V N, Aharonian F A. ApJ, 2010, 708: 965

Reynolds S P. ARA&A, 2008, 46: 89

Krymskij G F, Petukhov S I. SVAL, 1980, 6: 124

Strong A W, Moskalenko I V. ApJ, 1998, 509: 212

Gleeson L J, Axford W I. ApJ, 1968, 154: 1011

Caballero-Lopez R A, Moraal H. JGRA, 2004, 109: A01101

Antoni T, Apel W D, Badea A F, et al. APh, 2005, 24: 1

Tibet Asvy Collaboration, Amenomori M, Ayabe S, et al. PhLB, 2006, 632: 58
Zeng H, Xin Y, Liu S. ApJ, 2019, 874: 50

Drury L O. MNRAS, 1991, 251: 340

Greisen K. PhRvL, 1966, 16: 748

Zatsepin G T, Kuz’min V A. JETPL, 1966, 4: 78

Puget J L, Stecker F W, Bredekamp J H. ApJ, 1976, 205: 638
Stecker F W, Salamon M H. ApJ, 1999, 512: 521

Parizot E. NuPhS, 2004, 136: 169

Aloisio R, Berezinsky V S. ApJ, 2005, 625: 249

Berezinsky V, Gazizov A Z. ApJ, 2007, 669: 684

Berezinsky V, Gazizov A, Grigorieva S. PhRvD, 2006, 74: 043005
Yoon Y S, Ahn H S, Allison P S, et al. ApJ, 2011, 728: 122

Ahn H S, Allison P, Bagliesi M G, et al. ApJ, 2009, 707: 593

Yoon Y S, Anderson T, Barrau A, et al. ApJ, 2017, 839: 5

Bartoli B, Bernardini P, Bi X J, et al. PhRvD, 2015, 91: 112017
Bartoli B, Bernardini P, Bi X J, et al. PhRvD, 2015, 92: 092005
Alfaro R, Alvarez C, Alvarez J D, et al. PhRvD, 2017, 96: 122001
Amenomori M, Bi X J, Chen D, et al. ApJ, 2008, 678: 1165
Glasmacher M A K, Catanese M A, Chantell M C, et al. APh, 1999, 10: 291
Aartsen M G, Abbasi R, Abdou Y, et al. PhRvD, 2013, 88: 042004
Apel W D, Arteaga-Veldzquez J C, Bekk K, et al. APh, 2013, 47: 54

43-21



60 & X X %= K 5

[82] Abbasi R U, Abe M, Abu-Zayyad T, et al. ApJ, 2018, 865: 74

[83] Abbasi R U, Abe M, Abu-Zayyad T, et al. APh, 2016, 80: 131

[84] Lawrence M A, Reid R J O, Watson A A. JPhG, 1991, 17: 733

[85] Takeda M, Sakaki N, Honda K, et al. APh, 2003, 19: 447

[86] Abbasi R U, Abu-Zayyad T, Allen M, et al. PhRvL, 2008, 100: 101101
[87] The Pierre Auger Collaboration, Aab A, Abreu P, et al. arXiv:1708.06592
[88] Kampert K H, Unger M. APh, 2012, 35: 660

[89] Shi Z D, Liu S. MNRAS, 2019, 485: 3869

[90] Cao Z. ChPhC, 2010, 34: 249

(91] 3R, BRUIE, Mialk, &5, ROC¥R, 2019, 60: 19

The Origin of Cosmic Rays from Supernova
Remnants

ZHANG Yi-ran'?  LIU Si-ming"?

(1 Key Laboratory of Dark Matter and Space Astronomy, Purple Mountain Observatory, Chinese
Academy of Sciences, Nanjing 2100383)
(2 School of Astronomy and Space Science, University of Science and Technology of China,
Hefei 230026)

AsstracT The origin of cosmic rays is one of the key questions in high-ernergy astro-
physics. Supernovae have been considered as the dominant sources of cosmic rays below
the spectral knee. Multi-wavelength observations indeed show that supernova remnants
are capable of accelerating particles into sub-knee energies. Diffusive shock accelera-
tion is considered as one of the most efficient cosmic high-energy particle acceleration
mechanisms, and may operate effectively in the large-scale shocks of supernova rem-
nants. Recently, a series of high-precision ground and space experiments have greatly
advanced the study of cosmic rays and supernova remnants. New observational features
challenge the classical diffusive shock acceleration model and its application to the s-
cenario of supernova remnants origin of the Galactic cosmic rays, and have advanced
our understanding to cosmic high-energy phenomena. In combination with broadband
spectral evolution of supernova remnants, we propose a time-dependent particle accel-
eration model, which can not only explain the anomalies in cosmic-ray distributions
around 200 GV, but also naturally reproduce the cosmic-ray spectral knee with promi-
nent contributions to cosmic ray flux up to the spectral ankle. This model requires
that high-energy particle transport is dominated by turbulent convection with a dif-
fusion coefficient weakly depending on the particle energy near supernova remnants,
which needs to be verified by numerical simulations of the particle transportation in
the future.

Key words cosmic rays, ISM: supernova remnants, acceleration of particles, shock
waves
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