Canrold sleepy: galaxies have huge black
holes in them without dark matter?

Eappen‘and Kroupa wrote ‘this!
N
“In-a=nutshell:

Can’a'new model exXplair how hHuge black holes form in''dead’ galaXies?
This papertests what conditions are needed for that to happen’under
the model..They-also compare:it to-well-known-patterns; like:the-link
between.mass, and.velocity, which,come; froom.ceal.observations. The model
matches thege observations without needing dark matter, It ‘also shows
that how' gas'behaves when'a galaxy first forms plays a'big role in
creating these igiant-black: holes.

~

" Background: How'do-hu ge'black holes form?:One
optionis through-interactions:in
dense stellac.environments..Maybe
two smaller; black 'holes mer: ge!

Early type galaxies

) are filled with old
2-otare with little.to-no

new. ones. forming. e . e N g IY +

Wecllaps/
\ %
Huge:black.holes, \\ ‘ RSN P S o +

more than one million One: theory changes how- gravity

times themass of the son; have behaves at low accelerations,

been:found in-early:type (galaxies: - exXplaining some. observations without

These. are. thought to have formed. dark matter:In'some cases, it matches

really early,in cosmic histocy! orevenroutpertorms the standard
cosmolo gical.model..If: correct; it.could
ceshape, our understanding of. galaXy
and black hole evolution:
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The biggest black holes are also called supermassive black holes!

the dynamical friction test further questions their existence (Oehm
& Kroupa 2024). Within MOND, ETGs are thought to form via the
monolithic collapse of primordial pre-galactic gas clouds, produc-
ing high stellar densities and rapid star formation (Eappen et al.
2022). Stellar-mass black holes forming in dense central clusters

49 @ﬂmg&i\;@sbigmk rygl@nd coalesce to create
SMBHs, as suggested by I\rOé ak;’t al. (2020)

properties.have been linked touthe o
N@ﬁbhfmﬁ%ﬁgﬁitbé centef of the

gag az{ ding the emergence of the downsizing trend in ETGs
] . 2 . - -

pen et ¥l. 2022). These simulations provide a platform for
>tudymg the formation and evolution of ETGs under MOND
and their potential to host SMBHs. However, while the down-
sizing relations and star formation histories of ETGs in MOND
have been explored, the role of the central gravitational poten-
tial ( otral) — @ key determinant of SMBH formation - remains

mIo &e&& if.eupermassive black tho
;ll‘. lat 'Ihx t‘l a3 E cs, li
strongly d\bl’f ate wi entra F I\W mamic \ l]}\.lnggnég‘

\
!‘jlpqns 5{14% we m\esm,ate v‘?:?‘ ai:'ih‘gasldnﬁow rates in
rwhether the centrald ensitypis code we

1 to deteyn ule whether these stems cre he necessary ¢
‘linked-to:how moch gas.f lows.in.and::
sses are consjst ith the obgerved, M pyy — o scaling relation.
)E'QMe%Qf‘Qd ihg 5@1 é% tﬂﬂgptml gravita-
t y r ases of
sa{;b éﬂ?ﬁ%om?mgétm he v»orl\ é ? pa et al.

(2020), we evaluate SMBH masses by assuming that a fraction of
the central stellar mass collapses into the SMBH. Finally, we com-
pare the simulated SMBH masses to observed scaling relations to
assess whether MOND-modelled ETGs can host SMBHs consis-
tent with empirical data. This work builds on the foundation of
Eappen etal. (2022) and aims to connect the dynamics of MOND-
modelled ETGs with SMBH formation, providing new insights
into galaxy evolution in alternative gravity frameworks.

:h@th&lw’SH@wotheg modelled:

In this study, we use the model E,a.laxies foxmed with an initial

E?tﬁéggao]aéltud mlilus (Rini %mapﬁ as presented

ml\ sing

«firom ﬁﬂ@é&f&ﬁ mtmgmﬁ

entWetls zeiebf’*ouhml ytw lf‘ ico
lution uompared to other mogels. T us 20 is notlmted by
thzgtb(ﬁﬂg J[ﬂu appe ﬁhﬁi\ aﬁLe\ olution

during the critical phases of galaxy tormatlon Howe\el due to
computational limitati igted our analysis to this
imating the poten-
n, we use the gas
), which employs
ugh we mention
36, 37, €38 and
BH mass estimate

an initial cl
multiple m
€39 from Tal
is based speci
relative to the s simulation box has a
side length of 1 M}\ provid nt volume to follow the
collapse and - odel. Throughout

the analysis, we'define the central region’ based on the centre of

 XI000

mass of the stellar particles within a 500 kpc radius. This approach
ensures that the centre is dynamically tracked throughout the
simulation, independent of any fixed box coordinates.

The simulations are further constrained by a maximum spatial
resolution of 0.24 kpc (which is the physical size of an individ-
ual grid cell at the highest level of refinement. However, we note
that accurately resolving potential gradients typically requires sev-
eral grid cells. Thus, the effective resolution of our simulation
is somewhat larger than the cell size, approximately ~1 kpc in

"They talk about what simolation:

AMR) Gipabilities of the PoR code. Impraying the spatial reso-
udiZzes af &éampumtu Gnﬁn leuh
infeasible due to the significant wmputanonal cost associated
with higher resolution MOND simulations. W hlle 1
in QUMOND mode - the quasi-linear formujs
(Milgrom 2010) in which the modified gravitati
via a two-step Poisson solver indeed requires a
computational time compared to Newtonian
limitation for increasing refinement levels in our Yunglation was
the available memory capacity. Higher refinem Would sub-
stantially increase memory requirements due tofth¥ number of
cells and particles, and future work will aim to address this with
improved computational resources. Despite these limitations, the
model allows us to explore key aspects of SMBH formation and
galaxy evolution within the framework of MOND. A detailed
description of the model formation process, including the initial
conditions and simulation setup, can be found in Eappen et al.
(2022).

%rwvatat&mal»&otewtmkcﬁquwbeome1,-el,c

central>

The gravitational potential at the centre of the model, ®
Grayitational patential tells vs how,
hard' gavityis pulling at a certain
place, and-how mu?:b[ ﬁg#b‘y t wouldy
take to get; th.emt@ r.eocape from, .

baryonic matter density, G is the gravitational constant, a
s the MOND acceleration \.OI]Stdnt $ is the Newtonian poten-
al and ¥(y) is the MOND transition tumtxon mth y=|b|/ao.

ﬁlg efm (‘ﬁlc&ﬂfé t}?(&n QIVo l%n
n the D_framework, ag in nted,in the Po code
%ﬂqua@ E(Jd!\ngﬁﬁﬂgn é’ld f(‘ Qdﬁoa Qﬁexhﬁom
nmss algéote%mg Pej‘lulmemall\ Solves LE:E:?&;TSI‘:
pavekedhmtot that space:Thisois called
laxy

%amgﬁmﬁld&&ﬁhtxgthﬁhe bﬁ,ﬁgﬂﬂhﬁt\ Q)U[&tmon
Means, ofdinacy stutf.like stacs, . ...
planets) and even pesple, all made of
protons and neutrons.

rom the Newtonian potential, the code computes the phan-
tom dark matter den\m .nph ) that arises due to the MOND

maqdification. This densi en by:
e also need to know how much

phantom matter we(Wobldneed
under a Newtonian physics model,
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The to.tal gm\dtatj.cuml pqtenp’al @ is then recalculated by solving
Gravitational ‘potential’ < derisity of
real matter ‘and phantom matter.

Dcentral is extracted from the simulation output at specific radii,
such as 1, 0.8, and 0.6 kpc, at each time step (The simulation out-
put\ are 53 at intervalg o 0 M\'r, allowing us, to follow the
evol t(t{étl\grﬂ‘/\‘ltﬂ 1ang ié 'Lq e. For the
period of rapid collapse (~3-5 Gyr), this U)lrtbpolldb to a tempo-
ral resolution of 100 \1mp~ 'S per Gyr) This value represents the
depth of the gravit: well at the galaxy’s centre and
evolves as the galaxy formS= stabilises.

Physically, ®centra reflects the gravitational strength in the
galaxy’s core. A deeper potential well corresponds to a denser and
nloleBﬁ iv p@vﬂmtﬁo@at Pg'@entqalw over time
pmwdcs ¥ht into the baryonic coflapse and the formation of a
dense core, plt\c\sc‘\ that are critical tm driving gas inflows and
forming a SM ditionally, the differences in @y at vari-
ous radii, such as betwed ).6 kpc, reveal the steepness of the
potential gradient, whicl§ influnces the dynamics of gas inflows
and central star formatiol}.

3y solving the MONDYmodjfied Poisson equation and extract-
ing gravitational potentialfya!fes at central radii, the simulation
provides a detailed measu f ®centra» Which is fundamental to
understanding galaxy evol™on and the conditions for SMBH
formation in MOND.

\I
"How. to-calevlate how.muchi.gas falls
to gﬁh@lﬁ@ﬂt’tﬂ&ﬁ’t’erent radii (r = 1kpc, 0.8 kpc, 0.6 kpc)

were computed using data from the simulation. The inflow I'dt(
(M gy,) was calculated as the rate of change of gas mass (M,
within a given radius over a discrete time interval. For each mdnl\
the inflow rate is given by:

How much gas, is_falling’into the .
entre can be qalculated at each

wh(rc fas(r,f) is the intlow rate at radius r and time f,

sradivsand.: t+mestep It ise a% tous

m ss within radjus r betwee \Ollbt utive time snapshqts, At is

much.mass. has been:g ained.of.

“‘f&% t ovet, what. ﬁﬁﬁﬁféﬁ’éfq“ that’;

m ubh b?b@w by its gas dmslr\ Cells whose cen-
em in thelsele

tres cted’radius are included in full. Since the
AMR grid structure results in varying cell resolutions, this calcu-
lation automatically accounts for local resolution differences. We
note that we do not perform partial cell volume calculations for
boundary cells; cells are either fully included or excluded based on
their centre position.

The simulation data provides M, (r,f) for discrete time
points. Using the differences between consecutive snapshots, the
inflow rate is computed for the midpoints of these time intervals
to align with the calculated rates.

~|
“How-to caleulate:the black hole mass?
tihbeocaticolluiiates the black hole mass (M$) as a frac-

tion of the central stellar mass and computes the dpfitral velocity
dispersion (o) for galaxies within the simulatiolf. The results

I

are compared to the observed Mpy — o scalingfPelation from
McConnell & Ma (2013).

— [y2 2 1 2
r=+x2+y2+z
The central stelldx &ass (M q.qra) is calculated by summing the
masses of all stellar particles formed from the gas located within a
defined radius (7 c.ofa = Lig @laxy centre. The distance
of each particle fror

(6)

where x, y, z are
are selected, and
mass:

With r =7 central
ain the central

e, is the mass of th ceptral region.

TR black hole mass is estimated as a fraction of the cen-
tral stellar mass. For a given fraction f, the chk hole mass is
given by:

Black hole mass -o«<-Central star Mass
Fractions mnum from f =0.1 to f = 1.0 are used to explore

theHow! Pen&enrtrlblubkhot@mwriefbn

nmutn\ are realistic (Kro pa et al. 2020) a\t e itc llar initial mass

undtaMMads Fened Qna]ln Magd on the

20 b*mﬁ‘ﬁ&ﬁﬁﬁfﬁﬁé’mﬁu&b o
= meta H*“é“thé"}g& 18 héﬁuhﬁé&‘td He's:

Kroupa et al. 2020; Krou al. 202
The 3D central velocity d1>pu>mn (0 torat) is calculated using
the particle velocities in the central region. For each velocity
component (v,, vy, ¥;), the dispersion is computed as:
A\'V
" 1 { o 2 Q)
“x ;\,’ Z Wi — Vx)5 (9)
Vo]
where N is the number of particles, v,; is the velocity of the i-th
particle, and v, is the mean velocity in the x-direction. Similar
expressions are used for ¢, and o,. The total 3D central velocity

““neloeity dispersion in a direction
measures how much-the
measuremen tn‘dﬂffeﬂﬁtefﬁ‘@mt&le( rsion

values are compared tr the ,observed Mpy — ¢ relation from

vcaverage velocity.

1 Blackhole mags ag o fuaction of
velocity dispersion f ormola’®’
where ¢ is in kim/s. This comparison provides insight into whether
the simulated galaxies reproduce the observed scaling relation
between black hole mass and central velocity dispersion, thereby
validating the model’s predictions for SMBH formation.

(10)

(11)

:;Z.erwlts!

|51 th'ehignawtatrilomab potential «wei&ddeep
0gh for stuff to not esca

enou P

We andifse the evolution of the gravitational po ential differ-
ence at the centre of our model ETG (e38), which forms a total
stellar mass of 0.6 x 10" M,,. Fig. 1 shows the evolution of the

relative gravitational potential difference relative to the potential



Gravitational potential
Relative to-a far—of f point

2H4trillion earths from centre
—— 19trillion earths from centre
— 1.5 trillion earths from centre

[ b=

Time in billions-of years

Within the first 5 billion years
the:gravitational well 'rapidly
getscdeeper; allowin g'massito
fall; particvlacly.when closer.to
the centee, Theage ate
ingcedients to create BlacK Holes!

Dynamics within the,well are.too
fast to bepdrt of the MOND
model: MOND is'more likely 'seen
at-lamger radiitto-help
tcansport.mass. to,the centre;

These values.compare well-to NGC 277

~|
“Does enough gas fall into the centre
to make-a-supermassive-black hole?

Tlde:Yes!

Theceiis.aleo.an outfilow: phasel
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eleration Profile (Time 4.49 Gyr)
A Y
10 Median acceleration profile
MOND a5=1.2x 10" 10 m/s?
E;:,
:g lh
3
:‘3 Newtonian MOND effects emerge
<E 10294/ >

" Radi

0 12 14 16 18 20

((PF)

Flgure 2. Radlal profile of the median stellar particle acceleration at t = 4.49 Gyr. The red dashed line Indicates the MOND acceleration scale gp = 1.2 x 10~ m/s? = 2.8 pc/Myr?,
Accelerations In the Inner =3-4 kpc exceed a,, Indicating that the central reglon Is In the Newtonlan regime. MOND effects emerge at larger radil (=8 kpc), Influencing the global

gravitational collapse.

outflow rates decline and stabilise, consistent with the exhaustion
of central gas reservoirs. This reduction implies that star formation
and black hole accretion activity slow significantly, transitioning

‘heﬂ?}f%‘iﬁlﬁﬂ?& 2of. intecesting., o >
(_4—%&;@1{: \ea‘al xtqm@aq‘fseérg 1) as a crit-

ical window for lag hole gro h during which high inflow rates

emﬂ&“ gnhahbsﬁﬁlﬁvm oﬁhaﬁm 9 tore that
d A 3.7 h low fall ra
t-,iiﬁﬁfqik.”hd[g owth requires better. ¢
5 h fluctua-
tions bem eelilji'5 %E\ lgow angéosm o:i 1411116'(5?:111;:?()11:1;:1}11}:!)‘;:*

to our snapshot interval driving supernova activity. Given the
limited spatial and temporal resolution of our simulation, and
the inherent variability in the gas inflow rates, our conclusions
regarding the viability of SMBH seed formation remain quali-
tative. Higher resolution simulations would be required to fully
resolve the detailed inflow behaviour at sub-kpc scales relevant for
SMBH feeding.

The trends observed in our model align closely with theoret-
ical predictions and observations of ETGs in the literature. For
instance, Kroupa et al. (2020) proposed that SMBHs form through
the coalescence of stellar-mass black holes in dense star clusters.

e rendsralil 3nuwﬂthotheora y-ondstems, rely
on sa;bmmntgas inflo ma Krheu density and fuel black

hol-009€€ ka 0 Qolh%kmg above
ﬁ é ég{ at 1 th pY ﬁ lie necessary conditions for
thls§ ith gﬁ tties to remain high enough
to support the formation of the massive clusters. Furthermore, the
slight delay in peak inflows at smaller radii (e.g. 0.6 kpc) highlights
the gradual inward transport of gas, a feature consistent with the
cooling flows observed in present day dense early environments.
Observational studies of high-redshift quasars (e.g. Venemans
et al. 2013) have revealed black holes with masses exceeding
10° Mg by z~ 6, implying efficient accretion mechanisms in the

first billion years. This comparison reinforces the notion that the
early, gas-rich environment in our simulated ETG is consistent
with the conditions required for forming and growing central
\MBHS observed in compact ETGs and high-redshift quasars.

Do we see the relatuonsmp between the

3 3 Would the M pu — o scaling relation er

thIlShlphgt‘v\St"t’JlP gm{ an ?;qsl\!\epl;tljr m'$he goL?e\t
sbh@tl@ @adumﬁaveleomtmea?or the central

stellar mass within 1, 0.8, and 0.6 kpc contributesto black hole for-
mation. Thisis based on the model of Kroupa etal. (2020) in which

SR e

forming spheroidal y_.,a xy, each 10 \Iw T ck hole

mass contributionand gerot the central

stell masggreglotted alopgside the %lhen M g — o relation
S

Pﬁe( ‘-QI'M@e h\, 4 include

as éﬁ t:egbl-:@?om{;}?é qgu]%?er\]}:; 1alOl &;(Ianci

P@fg@dﬂsw

Black hole mas Eeb derived from lower contributions of the
central stellar mass (10-50%) and at larger central velocity disper-

i 1exhib1 yood agrgement with the opserved M o relation
?I’bene, ‘ore.there.must be.a. t{nUQHe

E Ie!rﬁth ﬂ?ﬁ???@ﬁﬁﬁﬁm ftmuyﬁ St’l'\fé 'ldl;:fl

ET(.:S This mduates that a minimum threshold of stellar mass
contribution is necessary to match observed SMBH properties

Heweue@réeh vmam 16€e-an VPPEer:
L (2020). We acknowle e that spatial s, considered in
1!.91!1 e O(nQﬁQ) lﬂ% ﬁ' ti::hehe physical

(@éééiptm?]ﬁl Q% accretion, which are typically in the
ars ore; olUr estimates represent upper limits to
the mass reservoir potentially available for SMBH formation, and
the actual mass feeding the black hole would likely be orders of
magnitude smaller.



Gas Inflow Rate C
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How much gas falls into the centre

ver lime at

Time ';{n m:llion-sbf‘ years

R. Eappen and P.Kroupa

Jifferent Radi

/Gyr) during the time range from 4 to 6

Gyr SJ;,nIfI-.ant .anablltr_\ lsobs-_—n ».—d. pdl“'_U'Eﬂ'_\ In the Interval bet ween 4".'dnd 5.0 Gyr,w Ith l).tdbl-_' peaks and tn_vubhs. Indln_athm_:fd, namlic processes affecting gas Inflow at

these radil

® Published Early Type Gals
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Mass
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Figure 4. The calculated black hole masses for the model relics (e35, 36, €37, €28 and 39) from Eappen et al. (2022), based on 1086, 309, 509, 80%, and 100% of the central
stellar mass, are plotted alongside the observed My — o relation from McConnell & Ma (2013). The plotted black stars and black trlangles are the ETGs from McConnell & Ma
(2013) and Saglia et al. (2016) respectively

The analysis highlights the capability of MOND dynamics to
support the formation of SMBHs in ETGs formed via monolithic
collapse. The rapid deepening of the central gravitational potential
during the first 0.5 Gyr after begin of the collapse, coupled with
high gas inflow rates, creates a conducive environment for black
hole seeding and growth.

\l
“Quick:take away messa ges:

In this study, we investigated the evolution of ETGs within a
MOND framework, focusing on the central gravitational potential,
gas inflow rates, and the relationship between black hole mass
and central velocity dispersion. Using simulations, we analysed
the gravitational and dynamical properties of a model galaxy with
a total stellar mass of 0.6 x 10" M, providing insights into the

® This work at dif ferent assumptions

11

v GEaytational potential decredses

compact'sys cm\
Tieeverelyiveriy mckhﬁ; a%efrtﬁre a
e start of the collapse,

sharp decljne during the first yr after t
corresCOHG &eeﬂ uiMﬂtiaﬁm ronic matter and the for-

mation of the >tnll;u population. This phase is marked by the deep-
ening of the central potential well. The deeper gravitational poten-
tial at smaller radu (e.g. 0.6 kpc) underscores the concentration of

wryoDe -entiatwello:-close to-ther:
necessary fo mame\h, inflows and S IB formatign.
tre.conf,

cacentre,co !{;m.eCQrt\ i @ﬂ&b tarngﬂ
and 1.5 ; he : e‘}o ceedi
% anflows. and peoperties. for, the.,
S:flll;\l;frr@tg@t‘ért?b(g\:réfedx\ lar dkt\'lt\ and Qe de;lli?lzllll
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of gas reservoir, transitioning the system into a quiescent phase.
Variations in the adopted feedback prescriptions could signifi-
cantly influence the inflow dynamics and star formation rates,
potentially altering the efficiency of central mass accumulation.
Exploring these effects will be the subject of future work. This early
period of high inflow rates is crucial for fuelling the growth of the
central SMBH and forming a dense stellar core, consistent with the
analytical results by Kroupa et al. (2020).

Finally, the relationship between Mpy and ¢ was examined
by assuming various fractions (10%, 30%, 50%, 80%, and 100%)

oo EACIY type galaxies made: T

Max —o WithinMOND: modeie wu@kvw‘thnsper-
sions (o > 28 km/s). The¢ results ggest at the combination of
adeep griODOECAVEA:INE &u rates, and sig-
nificant central mass contributions is essentml for forming SMBHs
consistent with those observed in real galaxies. A more accurate
estimate of the S\‘IBH formation potential would require resolv-

ing seb- p:ﬁa &go @uﬂeamd accretion physics.
While our current n li uts sych analysjs, the observed
collapse a@ﬁgyds % framework for

”omﬂm“ﬁ %ﬂﬁﬁf‘ﬁ mportant, ..,
dce many o S S e L tiing e

dense cores, quiescent phases, and the Mpy — ¢ relation. These
results underscore the importance of early gas inflows and gravi-

e S The simutationsiiad 7 T

the structur
wdersunpesplution restraints,

However, we recognise certain limitations in this work. The
radii typically around 0.1 kpc or smaller, are not fully resolved in
our simulations due to computational limitations. As a result, the
worly pres‘h’iﬁ}gw Y‘j f the con-
ditions for ormafion an grovypm Mg " This is a
simplified approach that does not account for complex processes
such as detailed feedback mechanisms, the actual coalescence of
the cluster, of sjellar remnants to a g &iﬁ lativistic effects,
or acu'etlin mpfem 1L0y ﬁeless, this work
offers a foundational framework for future MOND cosmological
simulations, highlighting the importance of early gas inflows and
gravitational potential evolution in shaping compact ETGs and
their central SMBHs. Future efforts to incorporate finer resolu-
tions and additional physics into MOND-based simulations will
be critical for achieving a more comprehensive understanding of
these processes.
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