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The direct measurement of gravitational waves is a powerful tool for surveying the popula-
tion of black holes across the universe. The first gravitational wave catalog from LIGO" has
detected black holes as heavy as ~ 50 M, colliding when our Universe was half its current
age. However, there is yet no unambiguous evidence of black holes in the intermediate-
mass range of 10>~° M. Recent electromagnetic observations have hinted at the existence
of intermediate-mass black holes (IMBHSs) in the local universe ; however their masses are
poorly constrained. The likely formation mechanisms of IMBHSs are also not understood.
Here we make the case that multiband gravitational wave astronomy™° —specifically, joint
observations by space- and ground-based gravitational wave detectors—will be able to sur-
vey a broad population of IMBHs at cosmological distances. By utilizing general relativistic
simulations of merging black holes’ and state-of-the-art gravitational waveform models®, we

classify three distinct population of binaries with IMBHs in the multiband era and discuss
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what can be observed about each. Our studies show that multiband observations involv-
ing the upgraded LIGO detector’ and the proposed space-mission LISA""’ would detect the
inspiral, merger and ringdown of IMBH binaries out to redshift - ~ 2. Assuming that
next-generation detectors, Einstein Telescope'' and Cosmic Explorer °, are operational dur-
ing LISA’s mission lifetime, we should have multiband detections of IMBH binaries out to
redshift z ~ 5. To facilitate studies on multiband IMBH sources, here we investigate the
multiband detectability of IMBH binaries. We provide analytic relations for the maximum
redshift of multiband detectability, as a function of black hole mass, for various detector
combinations. Our study paves the way for future work on what can be learned from IMBH

observations in the era of multiband gravitational wave astronomy.

Two black holes in a gravitationally bound system typically orbit around their joint center
of mass for millions of years, emitting gravitational waves of monotonically increasing frequency,
before ultimately colliding. These black hole collisions are the most energetic phenomena in the
known universe. The data collected from LIGO-like detectors provide the most stringent bounds
on the population of such merging black hole binaries as a function of their total mass. Ongoing
observations show that stellar-mass black hole binaries (15 ~ 100 M) merge at least once per
month per cubic Gpc'. Mergers of more massive binaries (100 — 800 M) are more rare, with the
current upper-limit on their merger rate being one per few years per cubic Gpc' . The latter is the
strongest observational constraint on the merger rate of lower-range IMBHs: 1023 M. Mergers
of medium- (103~* M) and upper-range IMBHs (10*~® M) are outside the sensitivity band of

current generation detectors. We divide IMBHs, by mass range, into three distinct binary popula-



tions (as shown in figure-1 and -4): Pop-A (binaries with IMBHs of comparable masses), Pop-B
(intermediate-mass-ratio binaries), Pop-C (binaries with LIGO-like remnants) and determine out
to what distance these populations will be jointly detectable by gravitational wave detectors in both

the milli-Hz (space-based missions) and hecto-Hz (ground-based detectors) bands.

Figure-2 provides an overview of the binary black hole mass-range - from stellar to inter-
mediate to supermassive - that will be surveyed during the next 20 years of gravitational wave
astronomy. For discussion in this text, we classify four epochs of gravitational wave experiments
(see Supplemental Material for additional details). Epoch-1 (present) is the current generation of
Advanced LIGO-like detectors and epoch-2 (early to mid-2020s) will be the upgrades to the ex-
isting LIGO facilities called A+ and Voyager (Voy). Epoch-3 (early to mid-2030s) may consists
of two 3rd generation detectors - Einstein Telescope (ET) ' and Cosmic Explorer (CE) ~. Epoch-
4 (~ 2034) includes space-based gravitational wave detectors such as LISA'™" and perhaps other
concept designs ". Each successive epoch of detectors improves sensitivity for low-frequency
gravitational waves. This in turn allows us to detect signals from heavier IMBHs, as the fre-
quency at the merger scales inversely with total-mass. The luminosity distance to which we can
find IMBHs in each epoch primarily depends on their masses. Unless stated otherwise, all the
masses quoted in this text are measured in their source frame, and distances refer to luminosity
distance. Gravitational wave measurements of binaries provide stringent constraints on their red-
shifted chirp-mass:'” M. = 7*/° M. (1 + z), where M. is the total mass of the binary located
at redshift z, and the symmetric mass-ratio 7 is defined by n = m; ms/(m1 + m2)?. An observed

chirp-mass of M, ~ 10?>~* M may yield astronomy’s first unambiguous detection of an IMBH.
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Figure 1: Examples of binaries with IMBHs in multiband gravitational wave spectrum. (Con-

tinued on the following page).



Figure 1: We define the multiband detection of a binary as the measurement of its inspiral in LISA
throughout the 4-year mission lifetime (0.001 — 0.1 Hz) and at least the merger or ringdown in the
ground-based detectors (ET, CE, VOY: 1 — 250 Hz). The y-axis is the characteristic strain -,
which is defined as 2f|h(f)| for the binary black holes and /f S,, for the instrumental noise. The
binary evolution is shown for examples of Pop-A,B,C at redshift = = 0.5. Pop-B is placed at an
inclination of 7/4, while Pop-A,C are face-on. The late-inspiral, merger and ringdown of Pop-
A,B,C were computed with numerical relativity simulations’ (thick lines), while the early inspiral
(dotted-dashed lines) were computed using IMRPhenomHM". Both models includes higher-order
harmonics of gravitational radiation (¢ > 2). The dominant mode (¢,m) = (2,+2) is shown in
dotted line for Pop-B. Here f., is set for a 4-year LISA mission. The evolution of signal-to-noise-

ratio (S/N) over time ¢ spent in the LISA band is highlighted for Pop-A.

For binaries with IMBHSs in the lower and medium-range (102~* M), LISA-like space-
based detectors will measure only their early inspiral, from 1 — 100 milli-Hz. This inspiral could
last months to years depending on the mass of the black holes. However, the loudest gravitational
wave signature - the merger of IMBHs - would occur in the frequency range accessible to LIGO-
like ground-based detectors, ~ 1 — 250 Hz. A measurement of the binary’s evolution in both the
ground- and space-based detectors is what we define as a multiband observation. Our minimal
criteria for a multiband detection of a single binary source are the observation of its inspiral by
LISA throughout the mission’s 4-year lifetime (0.001 — 0.1Hz), plus the observation of its merger
or ringdown by at least one of the ground-based detectors (as shown for examples in figure-1).

Additionally, our criteria for “multiband detection” includes that the source should be measured
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Figure 2: Cosmological reach to black hole binaries within the next 20 years of gravitational
wave astronomy. The x-axis displays the total-mass measured in the source frame. The total-
mass measured in the detector frame is heavier by (1 + z) (as shown by dotted line for LISA). In
this paper we consider binaries with total-mass in the IMBH range (10?5 M,). We divide IMBH
binaries into three classes - (i) lower-range 10>~% M, (ii) medium-range 103~* M, and (iii)
upper-range 10*~° M, masses. The horizon distance (measured as redshift) on the y-axis has been
computed at the minimum threshold (S/N) = 8 for binaries with two equal-sized, non-spinning
black holes. For LISA, we show how the horizon radius depends on S/N. See methodology for

further details about instrumental noise.



with S/N > 8 in both ground- and space-based detectors .

The principal motivation of our study is to chart out the parameter space of multiband ob-
servations with IMBHs. These are particularly exciting sources, as their multiband observations
should permit stronger tests of general relativity (with separate measurement of the pre- and post-
merger black holes) °, tighter constraints on the formation channels of heavy black holes'” (e.g.,
through better constraints on their spins) and their environment™’ (by seeing the evolution of their
orbital eccentricity). In this text, we investigate three multiband network combinations of LISA
with upcoming ground-based detectors: LISA + Voy, LISA + CEand LISA + ET. The lat-

ter is the most favourable scenario as it offers the least gap between the two frequency bands.

For the simplest case of binaries with two equal-sized, non-spinning black holes, we derive
analytic relations for multiband detection radius (measured as cosmological redshift z,,;). De-
pending on the total-mass in the source frame My, = Mgye/(1 + Zpmu) and detection threshold

S/N, the multiband detection radius can be expressed as:

;

[ Mg 21 /S/N\ "
ar _det L for M. in stellar-mass range
100 Mg 8
[ M \" S/N\ "
Zmulii A by (m) + by ] (/T) for My, in lower-range IMBH (D
[ Mye S/N\ 7
c1 exp (02 ]\/; t)] < é ) for M. in medium-range IMBH
L 0

In figure-3, we provide a diagrammatic version of eq. (1) at various S/N levels, for three

different multiband detector networks (see eq. (7) and Table-1 for the constants). We find that
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Figure 3: Multiband detection radius for black hole binaries. The contours refer to binaries
with two equal-sized, non-spinning black holes at detection threshold S/N > 8, for various multi-
band networks. The dashed white lines are for higher S/N, while the dashed black line is for a
weaker detection limit of S/N > 5. For LISA + Voy, the peak detection radius is 12 Gpc for
(2604260) M. While for LISA + ET, the peak is at 46 Gpc for (570+570) M, and at 24 Gpc
for (4054 405) M in LISA + CE. The blue dotted line shows an increase in detection radius of
35% for stellar black hole binaries with a 10-yr LISA mission, and the orange dotted line shows an
increase of 40% for upper-range IMBHs, with maximal, aligned spins. The black dots, shown with
error bars in distance, refer to the black hole binaries reported in the Gravitational-Wave Transient

Catalog-1". 8



IMBH binaries in the lower- to medium-range (10>~% M) are seen the farthest by all the multi-
band networks. For coalescences of ~ 10> M, IMBH binaries within 1 Gpc?, all three multiband
networks would detect them with S/N ~ 100. Such a high S/N in both bands should provide a
unique opportunity to test the spin-orbit coupling predicted by general relativity (by independently
measuring spin evolution in the post-Newtonian regime with LISA and in the strong-gravity limit
with ground-based detectors), stronger constraints on the Hubble constant ' (through tighter con-
straints on sky-location, inclination and distance for both ground- and space-based detectors) and

by improving cross calibration of the space-based and ground-based instruments to better than 1%.

For IMBHs with maximally aligned spins, we find the maximum detectable total-mass for
multiband observations increases by a factor of ~ 1.5, reaching up to 2.2 x 10* M, for the net-
work LISA + ET. Further, the multiband detection radius can change by ~ 75% by effective
spins of binaries with medium to upper-range IMBHs, but has virtually no impact for stellar-mass
binaries and lower-range IMBHs (see figure-6 and discussion in Supplemental Material). Further,
we notice that the stellar-mass black hole binaries that LIGO has detected so far represent the
weakest sources we are considering here, for all multiband networks. Except for GW150914 and
GW170814, all other LIGO/Virgo events would be either sub-threshold or undetectable sources
for LISA, assuming a 4-year LISA mission lifetime. Even for a 10-year lifetime, which would
allow a lower f., the detection radius in LISA for stellar-mass black hole binaries increases by

only ~ 30%.

We consider a wide range of binary mass distributions, to better delineate the parameter space



accessible for multiband observations in the LISA + ET network in Figure-4 (for other networks,
see Figure-5 in Supplemental Material). We divide this parameter space into three distinct IMBH
populations, labeled as Pop-A,B,C, which would potentially correspond to different formation as-
trophysical scenarios. Examples of these populations and their observation by multiband networks

are shown in figure-1.

Pop-A (Binaries whose IMBHs have comparable mass).  The inspirals from such binaries
would be recorded in LISA starting at f = 1 milli-Hz, accumulating strong S/N during the
4-year mission lifetime. Similarly, a high S/N from their mergers would be measured in the
ground-based detectors. This makes Pop-A very promising sources for multiband observations.
The coalescence of two medium-range IMBHs, (3000+1000) My, (green curve in figure-1), would
have a multiband detection radius of ~ 8.5 Gpc for the LISA + ET network. Lower-range IMBH
binaries (800 + 400) M, will permit multiband detections up to 40 Gpc (3.3 Gpc) away for LISA
+ ET (LISA + Voy). Such cosmological reach should be particularly useful for probing the
origins of early-forming IMBHs (such as remnants of Pop-III stars' >~“). The multiband network
of LISA + ET could detect mergers of (10* + 2000) My, out to 400 Mpc. Further, we find that
if such heavy black holes are spinning, this can increase the multiband detection radius by ~ 40%

(see figure-6).

Pop-B (Intermediate-mass-ratio binaries). For such sources, we identify the primary object

as an IMBH and the secondary object as a black hole such that the mass-ratio is < 1/10. The sec-
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Figure 4: Parameter space of multiband black hole binaries in the LISA + ET network. The
y-axis plots the symmetric mass-ratio of the binary (1 ~ 0.08 for m; /ms = 1/10) and the contours
are the multiband detection radius. The boundaries refer to the three distinct IMBH populations
highlighted in figure-1 and discussed in the text. Notice that independent of mass-ratio, the peak

sensitivity remains for total-mass of 1.5 to 2 x 103 M,
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ondary could be either a stellar-mass black hole or lower-range IMBH. Pop-B inspirals would be
observed by LISA from f = 5 milli-Hz to f ~ 0.1 Hz during its 4-year mission lifetime. The en-
ergy radiated by the merger itself scales inversely with mass-ratio’, so unlike Pop-A, these sources
would be faint or sub-optimal in the ground-based detectors. On the other hand, the small mass
ratio entails significant gravitational wave emission in the higher-frequency, sub-dominant (I > 2)
modes during the late-inspiral, merger and ringdown stages ~’. Having acquired precise informa-
tion from LISA regarding the source parameters (frequency and time of merger, orbital inclination
angle) should facilitate measurement of these relatively lower-amplitude modes in ground-based
detectors, up to £ < 6 (see red curve in figure-1). E.g., for the coalescence of a 80 M, black hole
with a 1200 M medium-range IMBH, we find that the sub-dominant modes would contribute
about 75% of the recorded S/N in ground-based detectors. The LISA + ET network can mea-
sure S/N > 100 (> 8) for such a source within 0.4 Gpc (12.8 Gpc), allowing high resolution
black hole spectroscopy and tests of the no-hair theorem in the multiband era™". In LISA + Voy
network, a S/N ~ 5 would be possible for this source within 1 Gpc, thanks to the contribution

from sub-dominant modes.

For Pop-B sources with lower-range IMBHs, such as (600 + 20) M, both LISA + ET and
LISA + Voy can detect them to 1.4 Gpc. These networks can also constrain black holes in the
mass-gap (4 M) orbiting around a lower-range IMBH (150 M) within 100 Mpc. But a Pop-B
source with upper-range IMBHs, e.g, (10* + 220) M, can be detected only by LISA + ET out
to 230 Mpc. The tight bounds on mass-ratios with multiband detection of Pop-B sources would

be provide critical constrains on the growth of IMBHs in dense stellar environments (e.g., galactic

12



nuclei) through subsequent mergers

Pop-C (LIGO-like binaries). In these binaries, the primary object could be a remnant (<
100 M) of an earlier stellar-origin binary black hole merger, whose one more round of merger
with a stellar black hole would lead to lower-range IMBHs. In context of multiband observations,
these sources are similar to GW150914, i.e. their merger S/N in ground-based detectors will
be much larger than the accumulated S/N from the inspiral observed by LISA (starting f 2> 10
milli-Hz). Thus, their multiband detection radius is limited by the sensitivity of LISA and not
by the choice of ground-based detectors. E.g. a second-generation merger of a GW170729-like
remnant (100 M) with a 20 M, stellar-mass black hole would only have a multiband detection
radius of 400 Mpc. While Pop-C would have a lower detection rate (compared to Pop-A,B), con-
straints from their multiband observations, especially on individual black hole spins, would shed
light on formation of compact objects in the pair-instability gap™. Instead of early alerts from
LISA, the multiband detection of such sources will often be retroactive, i.e., the source parameters
supplied by the ground-based detectors will allow researchers go back into archived LISA data and

confidently detect Pop-C inspirals that had originally been sub-threshold"'.

For all mass-ranges of IMBHs in Pop-A,B,C classification, clearly LISA + ET is the most
sensitive of the networks we consider. However, even in the pessimistic scenario of no 3G detectors
being operational by the time LISA flies, the network of LISA + Voy can still lead to strong
multiband observations for IMBH binaries within total-mass < 2000 M. By the same token,

a non-detection of IMBHs by LISA + Voy would significantly constrain their merger rates. It

13



would be useful for future studies to extend our analyses to precessing spin configurations and

binaries with significant orbital eccentricity.
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Supplemental Material

IMBHs and ground-based detectors. During epoch-1 (2020s), the mergers of lower-range
IMBHSs will be surveyed out to redshift z sim2. The epoch-1 ground network consists of de-
tectors in the U.S. (LIGO) network, India (LIGO), Italy (Virgo) and Japan (KAGRA)". At their
design sensitivity these detectors will be sensitive to gravitational waves down to 10 Hz. This
implies that the signals from IMBH binaries in epoch-1 are very short-lived (~ 10 milliseconds),

making it difficult to recover their intrinsic properties such as masses and spins-.

In epoch-2 (mid-2020s), we would survey mergers of medium-range IMBHs to z ~ 1 and
lower-range masses to z ~ 8. This epoch should see two phases of upgrades to the LIGO facility
- A+, which we find increases the detection redshift of IMBHs by 50% compared to epoch-1, and
LIGO-Voyager (Voy), which will push the low-frequency sensitivity envelope down to 5 Hz. Voy
will extend the sensitive mass-range of IMBH binaries up to ~ 5000 M. By epoch-3 (tentatively
early to mid-2030), we will survey lower-range (medium-range) IMBH mergers out to z ~ 30 (z <
7). This epoch may consist of two third-generation detectors - Einstein Telescope (ET, a triangular
underground detector with 10 km arms)' ' and Cosmic Explorer (CE, 40 km arrays) . By extending
the low-frequency sensitivity range to 1 Hz, ET would provide the first observational glimpse
into the population of upper-range IMBH binaries. While binaries with lower to medium-range
IMBHs have strong detection prospects with the epoch-2,3 detectors, recent studies” have noted
that the bounds on their individual spins remain fairly poor due to degeneracies. This is primarily

because the duration of inspiral recorded in the ground-based detectors for IMBH sources is not
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long enough to record a full cycle of spin-orbit precession. This makes it difficult to distinguish

between different possible formation channels.

IMBHs and space-based detectors.  The detection for the upper-range of IMBH binaries be-
comes possible only in epoch-4 (by 2034), when space-based missions such as LISA launch. The
detection redshift of binary black holes for a LISA-like satellite constellation depends on the mis-
sion lifetime. In this paper, we consider a 6-link LISA (L3) with a nominal 4-year mission lifetime,
and we account for noise from the galactic white-dwarf background in addition to instrumental
noise (see Methodology for details). We find that LISA would detect the three coalescence stages
for upper-range IMBH binaries - inspiral, merger, and ringdown - out to z ~ 500. It is interesting
to note that no other type of discrete astronomical object, in any form of observation, has had the

potential to be surveyed so early in the universe.

Multiband parameter space for LISA + Voy and LISA + CE. A binary in either of these
network combinations will have a frequency gap of A f ~ 5 Hz between leaving the LISA band and
entering the ground-based band. This low-frequency sensitivity gap for ground-based detectors is
principally what limits their multiband detection radius (see figure-5). Further, the maximum total
mass accessible is 5400 M (3300 M) for LISA+CE (LISA + Voy) network, factor of a few

smaller than for LISA+ET (2 x 10%M).
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Figure 5: Multiband parameter space with LISA, Voy and CE. Similar to figure-4, the contours
refer to the angle-averaged multiband distance for the LI SA+Voy network (right) and LISA+CE

network (left).
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Impact of black hole spins on multiband detection radius. For the LISA + ET network, we
computed the multiband detection radius for varying black hole spins (see figure-6). The spins
of both the black holes (1 2) have been combined into a single effective-spin parameter: g =
(x1/m1 + x2/ms) - L € [—1,1]. Spin precession effects are not included here. The spins have
maximum impact for equal-mass black holes. Therefore, we consider only m;/my = 1 in figure-6
and compute the multiband radius at multiple values of total-mass and y.g. We find that including
Xeff has rather limited impact on detectability for stellar-mass and lower-range IMBH binaries. But
for total-mass = 10000 M, the spins can change the detection radius by up to ~ 75% (from 1

Gpc to 4 Gpc for alignment of black holes spins with respect to orbital angular momentum).
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Figure 6: Impact of black hole spins on detection radius for the LISA + ET network. The
y-axis refers to the effective spin for an equal-mass binary black hole system (symmetric mass-
ratio n = 0.25). The x-axis is the total-mass in the source frame and the contours are angle-
averaged multiband distances. The dotted line shows the impact of spins on the detection radius of

(5000 + 5000) M, binary.
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Methods

Distances in gravitational wave astronomy. The luminosity distance Dy, to which we can con-

fidently detect a black hole binary with gravitational wave detectors can be expressed as follows:
L (S/N)=F(A, ©,S,) 2)

where A refers to the intrinsic parameters of the two black holes: masses (mq,ms2) and spins
(X1, X2). The four extrinsic angles on which the waveform depends (sky-location, orbital orien-
tation) are referred to collectively as ©, and S, is the single-sided noise spectral density of the
gravitational wave detector. Here, F is implicitly defined by eq. 3. It determines the luminosity

distance Dy, for a gravitational waveform h(A, ©, D) at a fixed value of S/N:

Smax 2
s/zv_z\/ Ul fA(J(?)DL)'df 3)
Smin n

The choice of f,;, is generally determined by the noise spectrum of the detector. Since the
signal measured by the detector is redshifted by the expansion of universe, the black hole masses
(mq, mgy) in A have to be scaled with (1 + z(Dy)). Here z is the cosmological redshift and in this

paper z(Dy) is computed for a flat ACDM cosmology, using Planck 2018 results .

The horizon distance 2, is shown as the y-axis of figure-2). It is obtained from eq. 2 for ©
set to an optimal sky-location and inclination. For ground-based detectors, this refers to a source
directly above the detector. For computing the horizon distance, the S/N from eq. 3 is set to 8,

which is our nominal value for the detection threshold.

24



The multiband detection radius D,,,; (as luminosity distance) or zn, (as redshift) is
shown as the y-axis of figure-3, contours in figure-4 and left-hand-side of eq. 1. We obtain this by
averaging eq. 2 for all combination of © (sky-location and orientation) and requiring S/N > 8 in
both ground- and space-based detectors. Our reason to plot this conservative angle-averaged dis-
tance, compared to the horizon distance, is that it permits comparison of LISA and ground-based
sensitivities on more equal terms. The angle averaging brings in an overall factor C to the S/N
value given in eq. 3. For all ground-based detectors C = 2/5, while for LISA we use C = 2//5".
(The averaging factor for LISA is different than for ground-based detectors because the LISA
community generally follows a different convention when defining S,,(f); here we use the LISA
noise formula from™, which already includes (i) factors that incorporate the instrument response
averaged over detector orientations, and (i1) the fact that, for our purposes, 3-armed LISA can ef-
fectively be treated as two 2-arm IFOs.) Therefore, the multiband detection radius only depends
on the binary’s total-mass in the source frame (M), the mass-ratio (my/msy > 1), effective spins
(Xetr) and the minimum S/N measured in both space- and ground-based detectors. If one chooses
horizon distance as a measure for multiband detection radius, it could push the high-mass limit for
ground-based detectors. For 1.5 x 10* M, in ET, we find an increase of ~ 30% (from 0.25 Gpc to

0.38 Gpc) from angle-averaged to optimal distance.

Gravitational Waveform. We have used a combination of numerical relativity waveforms from
the Georgia Tech Catalog ' and a phenomenological waveform model IMRPhenomHM °. The

Georgia Tech simulations are publicly available at einstein.gatech.edu/catalog/, and
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the IMRPhenomHM waveforms were generated using the LIGO Analysis Library Suite (https:
//git.ligo.org/lscsoft/lalsuite). The numerical relativity waveform includes the

sub-dominant harmonics, which are:

(Cnr, mygr) = {(2,£2),(2,£1),(3,£2),(3,£3), (4, £3), (4, £4), (5, £5), (6, £6)} “)

However, the IMR model includes fewer modes:

(gmodela mmodel) = {(2’ i2)> (27 :i:l), (37 :i:2)’ (3? :ES)’ (47 j:3)7 (47 :l:4)} (5)

The motivation for combining two different waveform-generating techniques is to capture all es-

sential physics, both in the post-Newtonian and extreme gravity regimes.

Instrumental Noise.  For ground-based detectors, the frequency limits in eq. (2) depend on
the choice of observatory. As we are interested stellar-maass and intermediate-mass black hole
binaries, the f,., for all ground-based detectors can be kept at 1024 Hz. However the lower
limit f,,,athrmmin for ground-based detectors should decrease substantially from now (Advanced
LIGO runs in 2015-2019) until the time when LISA flies (2034), and f,;,, significantly impacts the
detection radius. For Figure 2 the instrumental noise .5,, for the current generation of ground-based
observatories - Advanced LIGO (aLIGO), Advanced Virgo (aVirgo) and KAGRA - is set to their
design sensitivity (fiin = 10 Hz), which could be achieved by 2022 -°. LIGO-Voyager is expected
to be sensitive down to f,;, = 5 Hz. Meanwhile, new facilities such as Einstein Telescope and
Cosmic Explorer should observe gravitational waves with frequencies down to f,;, = 1 Hz and

5 Hz respectively.
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For space-based missions like LISA, the frequency range goes from f,;, = 0.1 mHz and
fmax = 1 Hz. For our study, the instrumental noise of LISA corresponds to the L3 design (three
satellites separated by 2.5 million kms), details regarding which are stated in a recent review . As
the 6-link LISA-L3 configuration is essentially a network of two detectors, the noise curve we have
utilized already includes a factor of v/2. It also includes the effect averaging over sky-location and
LISA’s solar orbit. While we have also included the noise from the galactic white dwarf binaries
in LISA (causes a drop in sensitivity after the peak in the figure-2), it has no impact on multiband
observations. As LISA’s mission lifetime is only 4-years, any binary of intermediate and stellar
masses will spend only a tiny fraction in the frequency range. Therefore, while computing S/N,
we have ensured the frequency range corresponds to coalescence time of less than 4 years. Also,
in computing the horizon distances in figure-1, we multiplied eq.-3 by v/5 to account for optimal

orientation.

The noise curves for the ground-based detectors used in this study are available at ht tps:
//dcc.ligo.org/LIGO-T1500293/public. The noise curve for the LISA detector is

computed using procedure described in recent text

Derivation of Forumula for Multiband Detection Radius. In eq. 1, we provide an analytic
expression for the multiband detection radius zp,,; for an equal-mass, non-spinning multiband
binary source, for each of the three networks. This expression depends only on the total mass
measured in the detector frame, Myey = Me(1 + Zmuni ), and the threshold value of S/N (for both

ground- and space-based detectors).
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Our expression is divided into three separate mass bins: (a) Stellar-mass binaries, in which
Mye € [10,100), (b) lower-range IMBH binaries, in which Mg, € [10, M;) and (c) medium-range
IMBH binaries, where Mgy, > M. The value of M, corresponds to the mass of the binary that can

be seen the farthest in multiband observations, given the detection threshold of S/N = 8.

The constants a;, b; depend on the noise spectrum of the space-detector. For the L3 configu-

ration of LISA,

a; = 0.09063, as = 1.65, 6)

by = 1.478, by = 0.6576, b3 = —0.2769 (7)

The constants ¢; and M, listed in table-1, depend on the noise spectrum of the ground-based
detectors. For binaries with stellar-mass black holes and lower-mass range IMBHs, the multiband
detection radius is limited by the sensitivity of LISA. For medium-range IMBHs, the radius is

limited mostly by the low-frequency limits of the ground-based detectors.
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Detector M 1 o

Einstein Telescope 6650 59.84 -2.451
Cosmic Explorer 3151 667.9 -5.462
LIGO-Voyager 1393 21.7 -2.534

Table 1: Constants for eq. 1c

29




