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The fate of a sta~ depends on its mass (size not to scale)




In the last century, after > 40 years of neutron star studles, the 1dea o
; of a smgIe mMass sca Ie Was ﬁrmly rooted 1n the communlty
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Consistent with 1.4 Mo




_~‘However in the last 20 years of so, 4
firm eV1dence pomts towards aw
{zz/zdezf range of Masses. - vl

Double Neutron Stars
some are NOT
compatible with 1.4 Mo

anymore !!! | Upa’az‘e d : awpieb)/L SRo dm i

'-Whlch are the lessons for us:’
:_‘Where do these: ob]ects form:’ _
‘Do they gam mass (bmanes?’) How -
“:much"’ e e
-Whlch are the lowest and hlghest
values? What does it mean for the
constitution of dense matter?




...Methods 1nclude modehng of the llght curve + spectral features
= extract. md1V1dual masses - - S— - -

"-:I

et

% Radlal Ve1001t1es (left) and
Balmet liries (rlght) in -
the PSR ]0348+0432

~ (Antomadls et al 2013)

and the celebrated detectlon of Shaplro delay of the pulses needs
su1table l1ne of s1ght tlght orbrts and mass1ve WDs |

Timing residual (us)

Orbital phase (turns)

Demorest et al. (2010): 1.93+-0.016 M,
Cromartie et al. (2020): 2.14 +0.1-0.09 M
A few more candidates being studied...



..Is accretlon efﬁc1ent enough to grow NS masses" s
- Recycled pulsar ca; ‘ulatlons leadlng to NS- WD systems
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Lietal.(2021)

Accretion over ~Gyr can produce the highest possible masses
(“Spiders” in which backillumination is important nos icluded here)



: ~'A class of" NS systems wh1ch may be cru01al for the h1gh—mass bin -
and th-e M" 2 ayrraddltlonal parameter 1ssue the “splder” systems
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PSR 1957+20 or1g1nal
“black widow”: thé prev10usly
aecelerated pulsar is now ablatlng
1ts compamon : : R
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Two Important 1ngred1ents for thelr evolutlon back 111um1nat10n

‘and: ablatlon?n’ﬁe pulsar wind -
(Benvenuto, De Vito & Horvath Ap]L 753 L33 2012)

In1t1a1 accretmg

| phase (close binary) Don;oir' -_

ablated

: Later: ablation by"
e the pulsar wind

-The h1story of accretion phase alone
lasts ~Gyr , therefore the mass transfer
onto the pulsar has to be substantial (theory)

—@— P0.75 d
—@— P,=0.80 d
—@— P,085 d

P,«0.80 d. a = 0.01

-~ P#0.80 d, a_,~ 0.05

Donor becomes

degenerate
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.Error bars are st111 substanual but these systems should in some
' cases produce the heav1est neutron stars in Nature, and poss1bly5_
. the 11ghtest Black Holes 1mmed1ate1y above the maximum mass
value with ~3 M@ (Horvath et al. Science China 2020)
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..~Frequent1st analys1s of the b1nary dlstnbuuon oy
.\ m1xture of Gau&’ﬁa/ns has béen w1dely employed (Valent1m Horvath & Rangel
2011, Ozel et al. 2012 Alsmg et al 2018 ) to model the full d1str1but10n. Startmg
' from a; bas1c hypothes1s tests (KolmogorOV-Sm1rnov and Anderson-Darlmg)
We: compare the emp1r1cal dlstr1but1on W1th the m1x of-Gauss1ans model to

see which o‘neds better e .i' Sems as s Tt e
Thé old “one mass- fits all” 1 4 M@ may be called ﬂmmoda/ two mass—scales

: ;bzmada/ and three a mmoa’a/
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Table 1.1: Hypothesis test for three models

(b)
Model K-S A-D Conclusion

(44 » . >
The “blend” at 1.25 Mg is likely but does Unimodal 0.025  0.032 Reject

not stand out Cleatly as it should Bimodal  0.971 0.990 Do not reject
Trimodal 0.974 0.953 Do not reject
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Bayes1an analy51s leehhood - e
R R A (glven t' o data) Pnor dlstrlbutlon

L(DOP(6) .
__P(D) _§

 P(0|D) =

Of the uz peak the MmaX
qulte robust and looks like th1s

Wldth of the peak
.The MCC algonthm ﬁnds the 0pt1mal
values, which happen to be compatlble

with the ones find within the frequentist
ones Ml ~1.36 M® ; “‘2 ~1.79 M® " 200 225 250 275 300 325 350 375 400

Mrax (Mg )




" One step ahiead: introducing M_rﬁafx as.an '?‘ddltlf’;ﬂal’ parameter

= .o e . s J N
. AL R ;\" N A
AL = q < B .
S e ¥
S M O TR . . T R TP
D : 5
i v @ 5

‘A-Gaussian truncdted beyond M=M,.

| M—M . is determmed to'beé ~2 5 M@, although its probablhty -
d1str1but10n depends somewhat on-the prior.. .Whatever. its Value, o
¢ Mmax is a. physmal cutoff although its 1nference has a W1dth

: Emplrrcally the observed d1str1but1on allows a large value of

M, .« , if these are confirmed for individual objects; theory

must accommodate they (even if close to the Rhoades-Ruffini limit)
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In brlef Bayes1an analySIS (Valentlm, Rangel &Horvath MNRAS 414'~
1427, 2011) points 0 that one mass scale is strongly dlsfavored '
tWO masses are présent : ~1 36 and ~1. 79 M@ s

Other works ﬁndmg the same pattern (somewhat dlfferent Values)
Zhang et al. A&A 527, A83; 2011 S SHoE

~Ozel et al. Ap] 757;:55; 2012

Kiziltan, Kottas & Thorsett 2013

: -'Alsmg, Sllva & Bert1 MNRAS 2018

~Shao et al PRD 2020~ ‘ s

P
~. -~

B

- o,

Is th1s related to the s1ze of the Fe core’v’ (“]ump” @ 19 M@)
i Are some. of them born as such masswe P ' :

3 g e S g .' : : : .. : 3 ':- .‘o.' “.\ ; .‘."‘;:‘!'.:‘; Ly SRS \‘ ¢ : :
Proba],gly not, buttherelsaproblemhefe ot

simulations of SN explosions in binaries are too crude to produce
“heavy enough” NSs under any circumstances (see later)...
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. 'Two; maybe three peaks. P And a.cutoff ..

-
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2.0

Numbe of components QUSRS m(Mg)

: We have 0bta1ned Mmax from a Bayesmn marglnahzatmn |
"‘of the blnary system mass dlstrnbutmn, Mmax = 2 59 M@.f |

: However many Works have deduced Mmax from the remnant
of the GW170817 event ' o,



2 - e ehat Rl Table 1.3: Inferred valeue of Mygoy from the behavior of GW170817 ac-
cording to a) Shao et al. (2020); b) Ai et al. (2020); c) Shibata et al. (2019);

Sy s .and thlS IS What d) Ihriz cr al. |£2018] - c::: Rcfrulla et al. (2018a); f) Margalit and Metzger

(2017) ; g) Alsing et al. (2018)

they Obtal‘fl . Value [M.] | Type of the resulting object /assumption

b s e B T : 73108 b) SMNS
P et s L T 243+0% (b) SNS
RO FAXS T 3 ._ Conserv. + simulation
B s g - ek 2.16 — 2.28 (d) Minimal assumption

el 26569 | 0000000 - 000000000 |
Therefore, we can compare ‘thése two ways of obtarnmg Mmiax. generatrng 5000 e
synthetrc samples and countrng the outhers for each yalue of Mmax above .
.Conclusmn‘ Mmax can’not. be lower than 2 3 M@, t_he hrgher 2 5. M@ 1s the

most- hkel _

. 2000 2000
- bl
- = <
grsoc atsoo
Ewoc Ex:m
> 2 s 8 S0
¢ 0 ¢ 0
0 10 20 0 40 O 5 10 15 20 26 30 35 0 § 10 15 20 25 0 5 £ 10 15 20 26 30 35
e Numbaer of peints with m > 200 Number of polets with m > 213 Number of polnts with m > 2.18 Number of points with m > 2.17
- P = 246% pe266% pe144% pe7.16%

a&v:uht:am
B EEE

I Smiations

3500
3000
2500
200
1500
1000
500
¢

4 [} &
Number of points with m > 250

0 5§ % 15 20 % 0 % ¢ 6 0 5 20 25 ¢ [ 0

Number of polnla with m > 2.22 Number of pointa withm > 23 Number of points with m > 2.43




¥ Another Way of quant1fyrng the drsagreement since Mmax is.

ta phys1cal (ngt{l%bablhstm) cutoff, all points beyond must
- be large fluctuatlons or outhers The Local Outlier Factor probes
' 'the outher character of detectlons for a g1ven % of tolerance

_u\.c4| 1m:l|¢~r Fac tar [LOr)

--—- |earned decision function
inliers
outliers

Bor Mmax = 2.59 M@
*;Ionly 2.74 +-0 21 Mg
18 flagged as an outher .

;rbﬁt 'if MmaX‘ is lower,
EYh - More mcasurements
g - )

will be outliers,
Aggravating the mismatch



. O- Mg-Ne cores _o' electron capture SN are degenerate and of

' the formed NS Would have essentlally a ﬁxed mass of' ~1 25 M@
o _However we d1d not ﬁnd strong ev1dence for th1s group Wthh
mustbe there N o S S

i Théﬁliglités;t NS ever observed is PSR 1453+1559c0mp anion with

therefore, small 1ron cores from progenltors hav1ng M >9 M@ .
- must:be produced to obtam NSs I1ghter than electron-capture SN



; O(j)rigir_l of _.rj:ia.s_ses: ‘binary.starfeyolutiohah.d- eXpIQSion's‘ e
'Common evolutlon prescrlptlon removal of the hydrogen envelope
‘ Pre—SN structure not really known it e s S B

|III||||II_IIIIII|I|III.

Ertl et al (202 0)

| .,..Substantlal fallback now produces heavy NS but for Very heavyf
& progemtors only e o |

This could allo® a “hort massive”:NS such as PSR J1640+2224

(Deng, Gao, Li & Shao 2020)



Recent Work (Woosley, Sukhbold -ty =
& & Janka, 2Q20) shows the bitth. " : | — vk
; functlon of NSMnames produces‘ :

'masses beyond 2 Mo at birth-with

) 11tt1e effect of the mass-loss WlIldS

.Agaln NSs do not appear ina.
monotomc way, 1nterm1ttency of

== Ozel et al. (2012)

.BH NS formatlon appears : . i :'- 4 : Antoniadis et al. (2016)

(compare t0 What 1s sa1d 1n books. . .tf-.:’
- ‘There is no “threshold” for BH |

.formatmn o = @ o o
s \'3.} . . i ‘ '-,.-"f .. % % d

Q

—= owrer

But yet, extremely heavy NSs in the galactic
sample require accretion
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-°Masses of NS from GW the unseen fellows |

“ ‘.‘: e

e .
. 5

.. s

In general the chlrp mass yM =M Q/ (1 . Q) ] _' and the

‘ total mass . can be measured but not the 1nd1v1dua1 masses ’

Based on known DNS almost all Works deahng w1th GW170817
assumed q 1 Spe ~

Companion

:However recent Works mass

have’ prowded accurate.

. .masses for two Very .
asymmetﬂc systems - j_ .;
PSR J0453+1559 (Martlnez et al. 2015) e o
PSR J1913+1102 (Ferdman etal, 2020) _

The second will merge within
a Hubble time, and they may Figure by A. Bernardo
be uo to ~30% of the total
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T Well measured blnanes W1th one NS dlfferent formatlon channels
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Almost certanily He WDs Mass of the secondary (Mg)

(correlated)
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Where do we stand Is the gap” between NSS and BHS
bemg filled’ pradln '

35

® Eo0S inferred from spectroscopic observations ‘

Rhoades-Ruffini (maximal unrealistic stiffness)

s Compact Object in GW120814

3 Spiders reach this band \\ .

ENG

e PSR J0740+6620

fee PSR J1614-2230

The arrow at 13.6 km indicates the
constrants from GW 170817 on
the radius of a 1.4 M, nzutron star

“light” BHs have been recently reported



-What do Jsigh mas "e's"‘me'a'n: the “hyperon puzzle” again. .

: '(but unexpected repulsmn may make the “hyperon puzzle” go away) '

K Alternatlvely, can NS avoid the presence of hyperons’
Yes, under some conditions
(the return of “pure neutrons”, or “hyperonless hyperon stars”)
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Population properties of compact objects from the second LIGO Virgo Gravitational-Wave Transient Catslog
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The lower mass object in GW190814 (~2.5 M) is an outlier of the BH distribution



Cdni:lu'sioris

L Neve.r talk or ite of a. canomcal” mass agam |
There 1s pele} such a: thlng The mass d1str1but10n 1s Wlde

. Double Neutron Stars are not symmetrlcal in mass, although
. the- standard formatron channel may be 1nc0mplete, and 1t is.
& not clearhow _' f '. e s '__ _ _
4 The “mass gap” may be belng ﬁlled or at least NS WIth > 2. 2 M@
must be con81dered as 1nd1cated by observatrons (gbza’em first) .
- The plot th1ckens for the descnptron of dense matter partlcularly, |
if the Mmax is effectrvely as’ hlgh as. 25—2 6 M@ T "
A feW Well measured- hlgher 1nd1v1dual\'m'asses ma;y confirm the
‘statistical mference.. R N

* There may be something wrong with the simplest analysis of
the GW remnant to deduce Mmax






