ITHABI 0 MATHUTHLIX MOJIAX BO BecesieHHon
M MX BJUSIHUHA HA BOJTHOBBIC IIPOIECChHI

B.B.KouyapoBckum
NHcmumym npuknadHol ¢gu3uku um. A.B.lanoHosa-Ipexosa PAH, HuxcHul Hoszopod

[NlepemeHHOEe M KBa3uUCTauMOHApPHOEe MarHutHoe nosie. KnHetnyeckne m MM mexaHU3MbI
reHepauun. BamaHne MarHUTHOro NONA Ha 3/1eMeHTapHble Npoueccbl U BOJIHbI B MJa3me.
[NepBMYyHOE MarHuTHoe none. Ctaams nNoytTM oAHOPoAHOM BceneHHoun. lNMepBble MAaCCUBHbIE
3B€3/4bl, KAP/IMKOBbIE Fa/IaKTUKN, YepHble Ablpbl. MarHUTHbIE NONA B COBPEMEHHbIX 0O beKTax.
Ponb U CTPYKTYypa MarHUTHOrO nMonA yAapHbIX BOAH B CNabOOCTONIKHOBUTE/NIbHOM M1a3Me.
KpynHO— M menkomacwTabHaa CTPyKTypa MmarHutocdep 3Be3a M nnaHet. [onspusaums
N3JIly4€EHNSA HEeoAHOPOAHOW nsa3mbl. MarHuTHble ob6naka, marHuMTonay3bl, TOKOBblE CAOU U
dnNaMeHTbI B NM1a3mMe C aHU3OTPOMHbIMM pacnpeaeneHMAMM YacTUL, Mo CKOPOCTAM.
[NepecoegnHeHne MarHUTHbIX CUNOBbIX JIMHMKA. BoNHOBbIE W anepuoanyeckue
HEYCTOMUYMBOCTU B MATHUTOAKTMBHOM MNNa3mMe; BOJHOBAs WM MArHUTHaA TypOyneHTHOCTb.
AHOManbHaa nMPOBOAMMOCTb Na3mbl. MexaHu3Mbl 3Be3aHbIX (CONHEYHbIX) BCMbILLEK.
LINKNOTPOHHbIE IMHUN B XKECTKOM CNEKTPE U3TYYEHMA MAarHUToCchep HEUTPOHHbIX 3BE3 4.



YpasHenuss MakcseJuia-Biaacosa. Unmocracu MArHUTHOTO 1OJIS

1,1, p, 1) — dyHKIHMS pacTpeaeneHns YaCTHII TI0 CKOPOCTSM, O — COPT YacTHII;

E, B (1,¢1) = E, B[{f,} ] — snexrpuueckoe n MarautHOE mMOJIs1.

@afa_|_ O‘%_FQO‘(E_'_%VO(XB) aajlzxzo

rotB_4_ch+1 %]? p(r,l‘)ZZNQeana(r,p’t)@p’

rot E—_la_Bc . ) a .
c Ot jr, 1) = %:Nyeajfa(r, p,?) o d3p

divB =0,

divE = 4mp), 3y = (14 p2/m2c?)"/?

Pos1b KBa3MCTATHYECKOTO NMOJISA. DK30MuUKa: TPaB. METPHKA g;;, BEKT. IOTCHIMAT A,
MAarHATHOE TI0JIE€ 3JIEMEHTAPHBIX YaCTHUI] CO CTUHOM, MAarHUTHBIM MOHOTIONb, TPAH.
YCJIOBUSA 11 YEPHBIX JIbIP U BCEIIEHHOMN.



JInHEeHHOE ¥ HeJIMHENHOE 1eCTBUE MATHUTHOIO MOJIA

Ilpumep MIJ]. 3ByK B mj1azMe 0€3 ¥ IIpH HAJTWYUM BHEIIHETO MAarHUTHOIO TMOJIS.
VYnapHbie BoJIHBI. MarHuTo- 1 HOHHO-3BYKOBBI€ COIMTOHBI. Pacmaj ciaadoro pa3psiBa B Ijia3me.

BosHbI B ¢1a00CTOIKHOBUTENILHON M/a T1a3Me. MaruuTHasi TypOyJIeHTHOCTh U KUHETHUKA
yactull. Pacriag cuiibHOTO pa3peiBa B mia3mMe. beCCTONKHOBUTENBHBIE YIAPHBIE BOJIHBL.

Hamarnuuennsiii BakyyMm. Jlarpanxuan [ eiizenoepra-Jitiepa. YiapHbie BOJIHbBI B BAKYyMeE.
hog=mc? : kputnueckoe noie B =m?c3/eh=4,4-101° I'c = E =1,3-10'8 B/m (npenen 1lIBunrepa).

OTCyTCTBHE POXKICHUA MATHUTHBIX MOHOTIOJIEW MO MexaHu3My [IIBUHTEpa IMMPOBEPEHO 10 MOJIEH
~10%° I'c, Bo3uukaromux Ha 1026 cex mpu HetleHTpaabHbIX Pb-Pb- 1 Au-Au-CTOJKHOBEHHUSIX C
sHepruent 5 ToB u npunenbHbBIM TapaMeTpoM OKoJIO BYX paauycos sapa (bAK, 2018-2023 rr.).
DTO JTaeT OrpaHUYEHHUE MACChl MArHUTHOTO MOHOMOJISI CHU3Y BennunHOM nopsaaka 70 ['3B.

Komanna cnytHuka Insight-HXMT B 2022 r. oOHapy>xuiia JUHUIO IIUKIOTPOHHOTO MOTIOIIEHUS
c sHeprueit 146 k3B B peHTI€HOBCKOM CHEKTPe HEMTPoHHOM 3Be3/1bl Swift J0243.6+6124, uto
COOTBETCTBYET MAKCHMAJIbHOMY M3MEPEHHOMY IMOBEPXHOCTHOMY MarHuTHOMY oo 1,6-101Tc.

AKCHOHBI (KaK BO3MOXHbBIE€ YaCTHUIIbI TEMHON MaT€puM) MOTYT HAKAIUIMBATHCS B MOJI€ TATOTCHUS
HEUTPOHHOM 3BE3/bI U TOPOXK/IATh B €€ MAarHUTHOM I10JI€ IOCTYIHBIE HAOIIOAECHUIO (DOTOHBI.



PHYSICAL REVIEW LETTERS 131, 111004 (2023)

Novel Constraints on Axions Produced in Pulsar Polar-Cap Cascades

Dion Noordhuis ,1’*’? Anirudh Prabhu ,2’” Samuel J. Witte ,I’T Alexander Y. Chen,4
Fabio Cruz®,>° and Christoph Weniger®'
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MarHuTHbIe 0 ACTPOPU3IHIECKUX 00bEKTOB

Mexranaktuueckas cpeaa (?) B, <107 -10"T¢

Mex3Be3qHas cpena (I1a3ma) B ranaktukax By ~ 10°-104T¢

Marauromnayssl 38€37 U SK30IIaHET B,~10°-10"'Tc

AKKPELMOHHBIE U IPOTOIIJIAHETHBIE JUCKH MOJIOIBIX 3BE3/,
MOHOC(EPHI MIJIAHET U DK30IIIaHET B,~10%-10Tc

YrnapHsie BOJIHBI B MEX3Be3/1HOM cpene (uketsl) By ~ 103 —-10%T¢

3Be3/bI PA3IMYHBIX CIIEKTPAILHBIX KIACCOB B,~1-104Tc
ApOUHEIE CTPYKTYPBI aKTUBHBIX 3BE3/I B,~10>-10°Tc
Besble Kapiauky B,~10°-10°Tc

HelTpoHHBIE 3BE31bI B,~10°-10Tc



CuiioBble JIMHUM MATrHUTHOIO moJis lanakruxku Muednbin IyTh
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The primordial magnetic field in our cosmic

backyard
Class. Quantum Grav. 35 (2018) 154001

Sebastian Hutschenreuter!:%:19%, Sebastian Dorn!-2,
Jens Jasche?, Franco Vazza*>°®, Daniela Paoletti’:3,
Guilhem Lavaux® and Torsten A EnBlin'?

We reconstruct for the first time the three dimensional structure of magnetic
fields on cosmological scales, which were seeded by density perturbations
during the radiation dominated epoch of the Universe and later on were evolved
by structure formation. To achieve this goal, we rely on three dimensional
initial density fields inferred from the 2M++ galaxy compilation via the
Bayesian BORG algorithm. Using those, we estimate the magnetogenesis
by the so called Harrison mechanism. This effect produced magnetic fields
exploiting the different photon drag on electrons and 1ons in vortical motions,
which are exited due to second order perturbation effects in the Early Universe.

Subsequently we study the evolution of these seed fields through the non-
linear cosmic structure formation by virtue of a magneto-hydrodynamics

simulation to obtain a 3D estimate for the structure of this primordial magnetic
field component today. At recombination we obtain large scale magnetic field
strengths around 102G, with a power spectrum peaking at about 2 Mpc ™' h
in comoving scales. At present we expect this evolved primordial field to have
strengths above ~107?" G and ~10~?° G in clusters of galaxies and voids,
respectively. We also calculate the corresponding Faraday rotation measure
map and show the magnetic field morphology and strength for specific objects
of the Local Universe. These results provide a reliable lower limit on the
primordial component of the magnetic fields in these structures.
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M87 -- From 200,000 Light-Years to 0.2 Light-Year

Magnetic field in
the phenomena

of relativistic jets
and EHECRs

VLBI 1.3cm

Credit: Frazer Owen (NRAQ), John Birelia (STScl) and collsagues.
"'l The National Radio Aslionomy Observalory isa tacilly of the
”q & Naiional Science Foundalion, oparated under cooparalive

agreemen 1by Associaled Universilies, Inc.




IlepBUYHOE MATHHUTHOE IOJIS /10 IOXH PEKOMOMHAIIMU

PHYSICAL REVIEW LETTERS 131, 231002 (2023)

Dark Matter Minihalos from Primordial Magnetic Fields

Pranjal Ralegankar :
SISSA, International School for Advanced Studies, via Bonomea 265, 34136 Trieste, Italy

(Received 28 March 2023; revised 27 July 2023; accepted 14 November 2023; published 8 December 2023)

Primordial magnetic fields (PMF) can enhance baryon perturbations on scales below the photon mean
free path. However, a magnetically driven baryon fluid becomes turbulent near recombination, thereby
damping out baryon perturbations below the turbulence scale. In this Letter, we show that the initial growth
in baryon perturbations gravitationally induces growth in the dark matter perturbations, which are
unaffected by turbulence and eventually collapse to form 10~''-10°M dark matter minihalos. If the
magnetic fields purportedly detected in the blazar observations are PMFs generated after inflation and have
a Batchelor spectrum, then such PMFs could potentially produce dark matter minihalos.



Beii0esieBCKasi HEYCTOMYHUBOCTD*
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DIEKTPOMArHUTHAS arepruoindeckas (w = [y) HEYyCTOMYMBOCTh OJTHOPOIHOU

IJIa3MbI C aHU30TPOMHBIM PACTIPEAEICHUEM YACTHIL (3JIEKTPOHOB) MO CKOPOCTIM

* Weibel E. S. «Spontaneously Growing Transverse Waves in a Plasma Due to an Anisotropic
Velocity Distribution». Physical Review Letters 2 (3), 83—84 (1959).



Linear and nonlinear stages of the Weibel instability

Q= Imw/wpe, K = kc/wpe

e Ao + Aime/m; — K2
it € iMe /M — Weibel instability growth rate

O~ K i
VT 14+ Ao+ meBS (14 A;)/(miB)) (linear theory).

nax = Q(Kom‘) Kopt = i Knax = \/Ae i ’n‘Le/frniAi
V3 3
A2 Kocharovsky V1.V,

Kocharovsky V.V., Martyanov

V.Yu., Tarasov S.V.

Phys. Uspekhi 59, 1165 (2016).

See, e.g., V.Kocharovsky et al.

J. Plasma Phys. 2022;

RQE 2017, 2020;

JETP Lett. 2017;

. Plasma Phys. Rep. 2020, 2022;

O K_ Geomag. Aeron. 2022, 2023,
and references therein.

Typical dependence of the growth rate on the wave number K



IlepBUYHOE MATHUTHOE 110J1€ 110CJIe MOXH PEeKOMOMHAIIMH

B\ = 0.05 nG B\ =0.10 nG B\ =0.20 nG By =050 nG  Peas[g/cm?
M = 1.55 - 10MM, My, = 1.05 - 10MM, M, = 3.68 - 10 My M = 1.69 - 10°M, 107%

ACDM

).50 nG
.22 - 10° M.

By, = 0.05 nG B, =0.10 nG B, = 0.20 nG = (
M. = 2.61 - 107M, M, = 1.61 - 107M M,,, = 1.88 - 10"\, M, =2

0

ACDM + PMEs

Fig. 2: Gas density projections of model galaxy h®70. The strength of the magnetic field is increasing from B, = 0.05nG on the
left to B, = 0.50nG at the rightmost panels. The upper and lower rows represent all the models generated without primordial
magnetic fields (ACDM), and with primordial magnetic fields (ACDM+PMFs) matter power spectrum, respectively. Snapshots are
taken at redshift z = 9. The white circle shows the galactic region, which is traced in all time steps. The evolution of various galaxy
quantities, such as the gas content, is evaluated inside this region with radius ~ 1.5 virial radius of the dark matter halo. Panels have

physical sides and depth of 256 kpc. The included gas mass represents the average mass of gas in the galactic region over the first
2 Gyr.

Sanati M. et al. A&A 2024
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From Primordial Seed Magnetic Fields to the
Galactic Dynamo

Kandaswamy Subramanian

Inter University Centre for Astronomy and Astrophysics, Post Bag 4, Ganeshkhind, Pune 411007, India;
kandu@iucaa.in

check for
Received: 7 March 2019; Accepted: 9 April 2019; Published: 14 April 2019 updates

Abstract: The origin and maintenance of coherent magnetic fields in the Universe is reviewed with
an emphasis on the possible challenges that arise in their theoretical understanding. We begin with the
interesting possibility that magnetic fields originated at some level from the early universe. This could
be during inflation, the electroweak, or the quark-hadron phase transitions. These mechanisms can
give rise to fields which could be strong, but often with much smaller coherence scales than galactic
scales. Their subsequent turbulent decay decreases their strength but increases their coherence.
We then turn to astrophysical batteries which can generate seed magnetic fields. Here the coherence
scale can be large, but the field strength is generally very small. These seed fields need to be further
amplified and maintained by a dynamo to explain observed magnetic fields in galaxies. Basic ideas
behind both small and large-scale turbulent dynamos are outlined. The small-scale dynamo may help
to understand the first magnetization of young galaxies, while the large-scale dynamo is important
for the generation of fields with scales larger than the stirring scale, as observed in nearby disk
galaxies. The current theoretical challenges that turbulent dynamos encounter and their possible
resolution are discussed.
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TunuyHbie NapaMEeTpbl KOCMHYCCKHUX /I’ KCTOB

* AKTHUBHBIC siJipa TaJIaKTHK (OJ1a3aphl)

['~5-20, B~0.1Tc, n~10cm=, y~10°, L~10'%cm
e MukpokBa3zapsbl (pEIITUBUCTCKUE)

['~3, B~10°T"c, n~10%¢cm3, y~102%, L~10%cm
e ["amMa-BCILIECKU (AJIUMHHEIC)

['~300, B~10°T'c, n~10cm=3, y~103, L~10'cm



I'amMmMa-BcILIeCKH

e Yacrora nmosisiiennsi: ok. 1000 B roa
(m30TpONHBI HA HeOecHOII cepe)

¢ [anteabHocth: 0,1 — 100 cexyHg

¢ PaccrosiHnne: HeCKOJIbKO rHramnapcex
; 51 54

e DHeprosbiaeaenne: 107 — 107 spr

¢ MakcumyM B ciekTpe B ooactn 100 k3B

13 ycaoBusA po3pavyHOCTH 110
JABYX(DOTOHHOMY POKICHUIO
3JIEKTPOH-IIO3UTPOHHBIX I1ap:

JopeHu-pakrop Teyenus I > 100

BATSE Trigger 8121

Kpusble 0/1ecka 4151 ABYX FraMMa-BCILIECKOB
(mo manabIM BATSE)



What is the role of low-frequency electromagnetic waves in jets?
Astrophysical jets as self-consistent ponderomotive plasma channels

Gas clouds

/ Black hole
Thin accretion ;

disk




Plasma stratification in Poynting-dominated jets: MHD vs. EM modes

..... t o e~ eTp-plasma
By . )
Riot (2)— jet radius
°°°° T (&) = KT (&) = KT
‘ ;\’Te(: 4\T€+ +;\Tp) (lellHltV

p ~ NK1T— pressure

IBUI| < ’B()z| e ‘Bl)y‘

on scales ~ Rjet

v

. . 1 .
VeV, =T = bulk Lorentz factor

NSy
Energy density: (1/87) / (E2 4+ B2)dw > TE&,+B5/8x

NT c[E,B|. (cf.,e.g., R.Blandford,
Poynting flux: P S: = SMHED T SEM M.Lyutikov, 2003)




Large Scale Structure in the Local Universe

Corona Borealis Bootes
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Legend: image shows 2MASS galaxies color coded by redshift (Jarrett 2004);
familiar galaxy clusters/superciusters are labeled (numbers in parenthesis represent redshift)
Graphic created by T. Jarrett (IPAC/Caltech)

Kak BeImsiinT Haxozsmiascst BOimM3u Hac yacTh BeenenHoit? Ha 3Toit kapTuHKe H300pakeHbl 001ee MOIyToOpa MIJIJTHOHOB SIpYalIINX 3BE37] U
rajakTuK B Ommkaitiieit Beenennoid, 3apeructpupoBanabie O630poM Beero Heba Ha yTMHE BOJHBI 1Ba MUKpoHA (Two Micron All Sky Survey -
2MASS) B nn(pakpacHoM auanazoHe. B pesynbsrare moaydusics 3TOT YIUBUTEIBHBIA y30p U3 3BE3/ M raJaKTHUK, TOMOTAIOIINI YCTAHOBUTH
OrpaHUYEHUS Ha BO3MOXKHbIE Teopuu GOopMUpPOBaHUs U 3BoIOLMH BeeneHHol. B 1ieHTpe pacnonokeHbl 3B€3/1bl, HaXOAAIINECs B INTIOCKOCTH
Hamel ["anaktuku Mneunsriit [1yTes. 3a npenenamMu ralakTHYECKON MIIOCKOCTH OOJIBITMHCTBO TOUEK - 3TO TaJaKTUKH, IIPUYEM I[BET TOUYEK
YKa3bIBaeT Ha PACCTOSIHUE: CHHUMHM TOUYKAMH TOKa3aHbl OvKaiIye raJjakTuky u3 0063opa 2MASS, a KpacCHBIMU TOYKaMH OTMEYEHBI CaMble
JlaJieKHe rajlakTHKU, KpacHOe cMellleHne KoTopbix 6mu3ko k 0.1. Ha kapTuHKe moanucanbl Ha3BaHUS HEKOTOPBIX CTPYKTYp. MHOTHE TajJakTUKU
CBSI3aHbI TPAaBUTAIIMOHHBIMU CHUJIaMH U 00pa3yloT CKOIUIEHHUs, KOTOpbIe Oojiee cabo CBA3aHbI B CBEPXCKOIUICHUS.
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Gangadhara, Gupta ApJ 2001 EMISSION GEOMETRY OF PSR B0329+ 54
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Mepa BpalieHna RM — 3To BenndunHa, onpegenatowan yron (8 pad) dapageeBckoro noBopoTa
NNOCKOCTU NONAPU3ALUN IMHENHO NONAPU3OBAHHOIO M3NYYEHUA NPU €r0 NMPOXOXKAEHUN Yepes
MArHUTOAKTMBHYIO N1a3My M NPONOPLIMOHAAbHAA KBaApaTy AJIMHbI BOIHbI M3nyYyeHus (B m):
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yepTa cBepxy obo3HavaeT cpeHee 3HavYeHue, df - anemeHT AZIMHbI BAOb 1y4a 3penus, L -

paccToAHne A0 UCTOYHUKA n3nydYeHna, N, - KOHLEHTPaALMA 3/1IEKTPOHOB, B|| - KOMNOHEHTa
MAarHUTHOro NONA BAONb 1yya 3peHuUA (BII -B MKIc, N, - B cm3, L - B nK, RM - B pag/m?).



JJIEKTPOMATHUTHBIE BOJIHBI B CHCTEME
«HAMATHMYE€HHBIM BAKYYM + pa3pe:KeHHas IJ1a3Ma
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N «5-10'%cm~3 (mas Br ~0.15 u gacTorst w~ 1.5- 1081 B2 = v2 /c? K« 1)
V. V. Zheleznyakov, V. V. Kocharovsky, and V1. V. Kocharovsky, Sov. Phys. Uspekhi 26, 877 (1983)



Emission mechanisms of
pulsars (neutron stars)

Annual Review of Astronomty and Astrophysics
Pulsar Magnetospheres and
Their Radiation

A. Philippov'? and M. Kramer’®

2022. 60:495-558

m The observed high-energy radiation is likely produced in the magne-
tospheric current sheet beyond the light cylinder.

There are at least two different radio emission mechanisms. One op-
erates in the inner magnetosphere, whereas the other one works near
the light cylinder and is specific to pulsars with the high magnetic field
strength in that region.

Radio emission from the inner magnetosphere is intrinsically con-
nected to the process of pair production, and its observed proper-
ties contain the imprint of both the geometry and propagation effects
through the magnetospheric plasma.

Millisecond pulsar:  Magnetar: neutron
recycled old pulsar star mostly visible
spun up by mass during high-energy
transfer from a binary  outbursts powered by
companion to extremely large
rotational periods of  magnetic fields
typically a few

milliseconds
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Figure 17

P-P diagram of the observed neutron stars. Specific populations are shown with different symbols. Green
solid lines show the values of the surface field, B. = 10''G and B, = 10"*G, which bound the region where
the theory of polar discharge summarized in Section 4.5 is applicable. Green dashed line represents the
condition B ¢ = 10°G, which bounds the population of pulsars observed to emit giant radio pulses.
Discharge in nonrecycled pulsars above the orange stripe, given by the condition 0.5R,c < /gap < R, can be
described using the 1D approximation. We note that all intermittent pulsars, pulsars showing nulling
behavior and RRATS, except one source, nulling pulsar B1822-14, are located below the line lgap = 0.5R.
Pulsars above the blue line produce pair multiplicities in the excess of 10* in their current sheets.
Abbreviations: L.C, light curve; RRAT, rotating radio transient.



MarautHoE€ 110J1€ BHYTPU U BHE HEUTPOHHBIX 3BE3/]

CBEpXTEKYU4€CTh HEUTPOHOB, CBEPXITPOBOAUMOCTD IPOTOHOB U OCTHIBAHUE HEMTPOHHBIX 3BE3]I 3 CUET
U3JIYYEHUS] HEUTPUHO U3 KOpbl U sazipa u potoHoB ¢ noBepxHoctu: [lrepuun I1.C., Axosnes I.I. YOH 2012

CocraB MaruuToc(epbl HEUTPOHHBIX 3Be3/: 1) 2JIEKTPOH-TIO3UTPOHHBIE MAPhI U3-3a MPOOOS BAKyyMa;
2) UCNIapEHHE AIEKTPOHOB U MPOTOHOB € MOBEPXHOCTH MO ACUCTBUEM HHAYKIMOHHOTO AJIEKTPUYECKOTO
MoJIA ¥ OOJIy4YeHUs )KECTKUMU (POTOHAMHU WJIM YCKOPEHHBIMU 3JIEKTPOHAMHU (TIO3UTPOHAMHU );

3) akkpelus OKpy:Karolei 1mia3Mbl WK €€ 3aTeKaHue Yepe3 Kacll UM XBOCT MarHuToc(epsl, B TOM YKCIIe
B pE3yJIbTaTE HEYCTOMYMBOCTH TOKOBBIX CIIOEB U NEPECOECTUHEHUS CUIIOBBIX JIMHUN MarHUTHOTO TOJIS.

A. 1O. Ilorexun, Armocdepbl U HW3Iydaroliye TOBEPXHOCTH HEHTPOHHBIX 3BE3,
YOH, 2014, Tom 184 HOMeD 8, 793-832

. nght cyllnder 0.50

‘ RLC c/Q) 0‘25
b

& 0.00
N

-0.25

-0.50
0.0 0.5 1.0 15 2.0 25 3.0

o

Y-point.

" A. Philippov, M.Kramer
——
— Annu. Rev. Astron. Astrophys. 2022. 60:495-558

i

Open
field lines

T N
magnetosphere
Outer u/

magnetosphere




MexaHu3MbI reHepanuy U 3pPeKTsl pACHIPOCTPAHECHUS
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Atypical radio pulsations from magnetar SGR 1935+2154 as first Galactic Fast Radio Burst (FRB) FRB 20200428
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ABSTRACT

Aims. We analyze the spectral redistribution of gyroresonant photons in the course of radiation transfer through magnetized plasma
atmospheres of isolated compact stars.

Methods. We use analytical estimate and Monte Carlo simulations to prove that this redistribution crucially influences the spectral
line formation for atmospheric parameters typical of neutron stars and white dwarfs.

Results. We point out the importance of the frequency redistribution of the gyroresonant photons to the process of radiation transfer
and analyze its main effects in atmospheres of isolated compact stars with strong magnetic fields, where multiple scattering dominates
over the absorption of photons. We estimate analytically and numerically the rate of this redistribution and show that photons’ escape
from the line center, which in this case is one-dimensional (1D) in origin, is a very pronounced effect despite being strongly inhibited
with respect to three-dimensional (3D) photon redistribution, which takes place in the case of atomic or ion spectral lines. The
escape of photons from the cyclotron line greatly affects both the line’s profile and the charactenistic optical depth, from where the
outgoing radiation originates. Through this, the spectral redistribution of gyroresonant photons changes the radiation pressure on the
atmospheric plasma, what makes it one of the key phenomena need to be included in studies of cyclotron-driven winds.
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ABSTRACT

We find the forms of the transfer equations for polarized cyclotron radiation in the atmospheres
of compact stars, which are simple enough to allow practical implementation and still preserve
all important physical effects. We take into account a frequency redistribution of radiation
within the cyclotron line as well as the relativistic and quantum-electrodynamic effects. Our
analysis is valid for the magnetic fields up to 10" G and for temperatures well below 500 keV.
We present and compare two forms of the radiation transfer equations. The first form, for the
intensities of ordinary and extraordinary modes, is applicable for the compact stars with a
moderate magnetic field strength up to 10" G for typical neutron star and up to 10° G for
magnetic white dwarfs. The second form, for the Stokes parameters, is more complex, but
applicable even if a linear mode coupling takes place somewhere in the scattering-dominated
atmosphere. Analysing dispersion properties of a magnetized plasma in the latter case, we
describe a range of parameters where the linear mode coupling is possible and essential.
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MarnuTHble 0ejible KapJIUKU: padoTaer JIu JTUHAMO NIPUA CTAPEHUM?

B pamkax 0630pa Zwicky Transient Facility B 2021 r. 6611 0OHapysKeH caMblii
MaJieHbKII 1 HanboJjiee MaCCUBHBINI U3 BCEX M3BECTHBIX OeJIbIX KapinukoB. OObeKT,
noJiyunBimit o6o3zHauenme ZTF J1901+1458, HaxoauTtcst Ha paccTosiHuu 130 cBeT. et
OT 3eMJIu, MMeeT TIepuo/, BpallleHns 7 MUHYT, paguyC OKOJIO 4 ThIC. KM UM MaccCy B
1.35 pasa mpeBOCXOAsIIYI0 COTHEUHYIO (Impeaen Yanapacekapa 1.4 maccol COHIIA).

[IpenmnonaraioT, uTo ZTF J1901+1458 MeeT cTO/Ib OOJIbIIYIO MACCy
Oyarogapst CIMSHUS ABYX 0eJIbIX Kap/JMKOB. Ha 9TO yKa3bIBalOT U €ro S9KCTPEMAIHLHO
cuabHOe MmaruuTHoe 1ojie ~10° I'c (B MuiMapz pas cuabHee COJIHEUHOr0), a Takke
CKOPOCTb BpallleHMsI — OH JeaeT OAuH 000pPOT BOKPYT CBOE OCM BCero 3a 7 MUHYT.

B 6yayiiemM OH MOXKET CKOJIJIAIICMPOBaTh B HEMTPOHHYIO 3Be3/Y: B IIpoliecce
aKKpelMy Macca KapJjiMka HeMHOTr o HapacTeT, epeiigeT npeaen YaHnapacekapa - B
ero siApe 3JeKTPOHbI OYIYT 3aXBaThIBAIOTCS IIPOTOHAMM C 0Opa3oBaHMEM HEMTPOHOB
1 JaBjeHye BbIPOKIEHHbBIX 3JIEKTPOHOB He CMOKET IPOTUBOCTOSITh TPaBUTALIVMN.

Caiazzo, I. et al, A highly magnetized and rapidly rotating white dwarf as
small as the Moon, Nature (2021). (3To KUCIOPOJIHBINA KAPIUK; CYIIECTBYIOT TaKkKe
yraepoansie ¢ maccou 0.5 — 1.2 u renmmessie ¢ Mmaccou 0.1 — 0.5 macc Connia. )

CaMpbIil OBICTPO BpaIAIOIIANCA U3BECTHBIN KapJIMK UMEET NEPUOJ 25 CEK.



MoaenupoBaHHe MEXaHMU3MA JTUHAMO KaK YCUITATES
MAardHUTHOTIO I0JI B IPOLECCE NMPEBPAICHUS MAarHUTHOM
3B€3/Ibl B HEUTPOHHYIO 3B€311y (MAJUIMCEKYHIHBIM MarHUTAap)

L

MaKcumanbHoe namepeHHoe nosne 43 klc Bonbdp-Pane 38e3abl B gBonHOM cucteme HD 45166.
Raynaud R. et al. Magnetar formation through a convective dynamo in protoneutron stars,
Science Advances (2020).DOI: 10.1126/sciadv.aay2732 ; Shenar T. et al. Science 381 (2023) 761




ClMgHUE IByX HEUTPOHHBIX 3BE3Jl — MArHUTAP — YepHas JAbIpa

A Short Gamma-Ray Burst from a Protomagnetar Remnant

N. Jordana-Mltjansl , C. G. Mundell' @, C. Guidorzi***®, R. J. Smith® @, E. Ramirez-Ruiz®’ @, B. D. Melzger“
S. Kobayashi’ , A Gomboc'?@, I. A. Steele’ ®, M. Shre:slha5 . M. Maronglull ), A. Rossi'“ and B. Rothberg'* 14,

Astrophysical Journal 939 (2022) 106. P=4ms,B~6 105G, E~10°%erg,t=0.3s, R=3 Gpc

The contemporaneous detection of gravitational waves and gamma rays from GW170817/GRB 170817A,
followed by kilonova emission a day after, confirmed compact binary neutron star mergers as progenitors of short-
duration gamma-ray bursts (GRBs) and cosmic sources of heavy r-process nuclei. However, the nature (and life
span) of the merger remnant and the energy reservoir powering these bright gamma-ray flashes remains debated,
while the first minutes after the merger are unexplored at optical wavelengths. Here, we report the earliest
discovery of bright thermal optical emission associated with short GRB 180618A with extended gamma-ray
emission—with ultraviolet and optical multicolor observations starting as soon as 1.4 minutes post-burst. The
spectrum is consistent with a fast-fading afterglow and emerging thermal optical emission 15 minutes post-burst,
which fades abruptly and chromatically (flux density F, o<1~ “, a =4.6 £ 0.3) just 35 minutes after the GRB. Our
observations from gamma rays to optical wavelengths are consistent with a hot nebula expanding at relativistic
speeds, powered by the plasma winds from a newborn, rapidly spinning and highl ly ma netized neutron star (i.e., a
millisecond magnetar), whose rotational energy is released at a rate Ly, o<t 22019 16 reheat the unbound
merger-remnant material. These results suggest that such neutron stars can survive the collapse to a black hole on
timescales much larger than a few hundred milliseconds after the merger and power the GRB itself through
accretion. Bright thermal optical counterparts to binary merger gravitational wave sources may be common in
future wide-field fast-cadence sky surveys.



DTarbl 3BOJIIOIAM U U3TYUYEHHUE KOPOTKOKHUBYIETO (1 1€HB) MarHuTapa

Optical

Figure 16. Artist impression of the different energy sources powering the GRB 180618A multiwavelength emission. (a) The material is equatorially ejected by tidal
forces during the neutron star binary merger (Cucchiara et al. 2011) and radially ejected by hydrodynamic interactions at the neutron stars contact region (e.g.,
Metzger 2019). (b) The accretion of the torus onto a rotationally supported supramassive neutron star remnant (i.e., a millisecond magnetar) powers two relativistic
Jetted outflows (Bucciantini et al. 2012; Metzger et al. 2018) that, via internal dissipation mechanisms, produce the initial 0.3 s hard prompt gamma-ray emission. At
this stage, the accretion disk releases winds that largely dominate the total mass ejected (Margalit & Metzger 2019). (c) The winds from the rotationally powered
magnetar are collimated by the surrounding ejecta, which give rise to the ~45 s duration soft gamma-ray emission (Bucciantini et al. 2012). (d) As the spin-down
luminosity of the magnetar decreases, the jetted winds become stifled behind the ejecta, which is reheated at larger radii. When the opacity of the ejecta decreases
sufficiently, bright optical thermal emission is emitted (Yu et al. 2013; Metzger & Piro 2014; Metzger 2019). (e) Hours after the merger, the ejecta is fully ionized by
the winds of the long-lived magnetar, and the magnetar spin-down luminosity is detected (Metzger & Piro 2014).



AKKpeuupywuas
yépHad abipa ¢
TKEeTOM

UTto npouncxoauT, korga yepHas gblpa nornowlaet 3ee3ny? MHorve getanun octaroTca HEM3BECTHLIMW, HO
HefaBHWe HabnogeHNa MOryT NMOMOYb packpblTb TanHy. B 2014 roay ObIn 3aperncTpupoBaH
Ha3eMHbIMK Terieckonamu-poboTamm NpoekTa (ASAS-
SN). Nocneayowmne HabnogeHus ObiNU OCyLLECTBNEHbLI HECKOSTbKUMW MHCTPYMEHTaMM, BKIKOYas
obpaluatowmmnca Bokpyr 3emMnu CrnyTHUK . KomnbtoTepHoe mogenupoBaHue nanyyYeHus nokasano,
4YTO OHO MOXET ObITb 06YCNOBMNEHO pa3pbIBOM 3BE3AbI MPY B3aUMOLAENCTBUM C JANEKON

. PesynbraT Takoro CTONKHOBEHMS B NPeACTaBNeHnn XyAoXKHMKa n3obpaxkeH Ha . Cama
— 3TO ManeHbKas YepHas Touka B LeHTpe. Koraa BewwecTBo NagaeT Ha YEpPHYHO Ablpy, OHO
CTankmBaeTcsa C Apyrnm BeLecTBOM U . HUepHyto abipy okpyxaet N3 rops4yero
BELLlEeCTBa, U3 KOTOPOro cocTosina 3ee3aa. BblGpacbiBaeTcs BOOSb



OcTBIBaIONIAA

wr
HEeMTPOHHASA
3B€3/14a
HACA/

Kaccuomnes A (Cas A) HaxoauTcst Ha paccrosinuu oT Hac — 11 000 cBeToBBIX JeT. CBET
0T cBepxHOBOI1 Cas A — B3pbIBa, 3HAMEHYIOIIETO CMEPTh MACCUBHOM 3BE3/Ibl, JOCTUT 3eMiu Bcero auiib 330 net Hazan. Ha
3TOM oTorpaduu, COCTaBICHHON U3 Y ONITUYECKOTO N300paKEHM, KJIOUKHU 3BE3THOTO Ta3a pas3yIeTENNCh B
IIPOCTPAHCTBO HA 15 CBETOBBIX JIET. SIpKUI HCTOYHUK B LIEHTPE, (moka3aHa Ha ) C OrpOMHOM

IUIOTHOCTBEO — BCE, YTO OCTAJIOCH OT CKOJUIAIICUPOBABLIETO sAapa 3Be3/bl. HelitponHas 3Be31a B Cas A OCTBIBAeT, HO OHA BCE
elé 10CTaToYHO ropsiya i UCIyCKaHHs peHTTeHOBCKoro u3nyueHus. Ha camom nene 10-eTHre HaOII0AEHMSI ¢ TOMOIIBIO
KOCMHYECKOH peHTreHOBCKOW oOcepBaropun YaHapa moka3aju, 4To . Tax
OBICTPO, YTO yUEHBIE MTPEATNOJIAratOT, YTO OOMIbILAs YaCTh AIpa 3BE3bl COCTOUT U3

cBOOOIHOM OT TpeHus. Pe3ynbrarsl HabmroneHnit YaHAph! Ja0T NepBble MOATBEPKIACHUS CYIIECTBOBAHUIO B KOCMOCE
TaKoOU Marepuu



Shock and magnetosheath of pulsar B

-

No “dayside” reconnection With “dayside” reconnect;for;q
Similar to the interaction between Earth magnetosphere and solar wind.
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3D Weibel instability in e -e+ plasma

B-Field

B-Fied
Time = 10088[1 /e, )

Tve = 100(1/@,)

Magnetic field energy density for values of 15% of the maximum energy density.
Results are shown slightly before saturation and in the quasi-static stage (g5~ 1%).

Fonseca, Silva et al (2003).
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Figure 8.1. Three-dimensional cutaway view of the magnetosphere. The light blue outer surface
is the magnetopause, its boundary layers are shown in darker blue. Magnetic field lines are shown
in blue, electric currents in yellow. The polar region where the magnetic field lines converge is the
polar cusp. The bow shock has been omitted for clarity. (Adapted from Kivelson and Russell, 1995).

From De Keyser J. et al., Space Sci. Rev. 118, 231 (2005),
Burch J. L. et al. (2016), Perrone D. et al. (2017), Norgren C., Khotyaintsev Yu.V. et al. (2018).



Analytical Model of a Magnetopause Current Sheet with Various Energy

Distributions of Particles and Features of Its Small-Scale Instability
Nechaev A. A., Kocharovsky V. V., Kocharovsky V. V., Garasev M. A., JETP Letters 117, 214 (2023)

(@) 1

0.5

Fig. 1. Initial structure of the 4-component Maxwellian
current sheet, comprised of 2 electron and 2 proton
components: (a) magnetic field profile B, (solid line),
current densities of ions and electrons in the y direction, j,,
and j;, (dots and dashes respectively), all normalized to
their maxima; (b) normalized number densities of current-
carrying ions and electrons, n, and #; (dots and dashes
respectively), and their difference (solid line), proportional
to the charge density. Model ion-electron mass ratio is 18.

Fig. 2. Snapshots of the simulated
evolution of the sheet presented in
Fig. 1 at the moments of time (a)—(c)
t = 3400/w,, (d)—(f) t = 7500/w,.
Panel columns show normalized
total current density in projections
on axes x, y, z (from left to right).




Schematic representation of the coronal loops (according to SOHO, TRACE, SMM

Energy emitted is from 10%° to 10%° joules. From Wikipedia
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